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Resveratrol is a polyphenol that plays a potentially important role in many disorders and
has been studied in different diseases. The research on this chemical started through the
“French paradox,” which describes improved cardiovascular outcomes despite a high-fat
diet in French people. Since then, resveratrol has been broadly studied and shown to have
antioxidant, anti-inflammatory, anti-proliferative, and anti-angiogenic effects, with those on
oxidative stress possibly being most important and underlying some of the others, but
many signaling pathways are among the molecular targets of resveratrol. In concert they
may be beneficial in many disorders, particularly in diseases where oxidative stress plays
an important role. The main focus of this review will be the pathways affected by resvera-
trol. Based on these mechanistic considerations, the involvement of resveratrol especially
in cardiovascular diseases, cancer, neurodegenerative diseases, and possibly in longevity
will be is addressed.
Keywords: cancer, cardiovascular diseases, resveratrol, signal transduction
INTRODUCTION
The “French paradox” is a term that was generated in 1992 based
on epidemiological data from French people who had a low inci-
dence of coronary heart diseases (CHD) despite the consumption
of a diet in high saturated fat. This prompted researchers to
think about a possible reason, and led Renaud and de Lorgeril
(1992) to propose that moderate wine consumption (almost 57%
of the overall alcoholic drink consumption in France) explained
this apparent discrepancy, and further suggesting that a decrease
in platelet aggregation may be the main factor of the effect on
CHD. In an investigation by the World Health Organization, the
ratio of CHD-related mortality was found to be two- to three-
fold lower in France compared to other countries such as the
USA, UK, and Sweden (World Health Organization, 2009). Addi-
tionally, a study was carried out in Copenhagen with 6051 men
and 7234 women aged 30–70 years. In this study, low to moderate
wine intake was associated with lower mortality from cardiovas-
cular and cerebrovascular diseases (Gronbaek et al., 2001). After
these observations, a great deal of attention has been paid to the
French paradox and thousands of studies have been performed on
different aspects.
The French paradox has evolved considerably since 1992. Sev-
eral studies indicate that heavy wine drinkers may have almost the
same mortality rate due to CHD. Heavy alcohol consumption also
increases the prevalence of myocardial infarction, cardiomyopa-
thy, cardiac arrhythmias, hypertension, hemorrhagic shock, and
sudden death (Djousse et al., 2002; Lucas et al., 2005), confirming
that heavy alcohol consumption is harmful to the cardiovascular
system. However, the correlation of the drinking patterns with a
higher cardiovascular risk apparently depends on the type of drink
(van de Wiel and de Lange, 2008).
Many compounds have been identified to be specifically abun-
dant in red wine and many of these have a phenolic structure.
The main compounds in red wine (Waterhouse, 2002) include
flavonols such as myricetin, kaempferol, and the predominant
quercetin, the flavan-3-ol monomers catechin and epicatechin,
the oligomeric, and polymeric flavan-3-ols, or proanthocyanidins,
anthocyanins, phenolic acids including gallic acid, caftaric acid,
caffeic acid, p-coumaric acid, and the stilbene resveratrol. Thus,
red wine appears to be the richest source of resveratrol through
the skins, seeds, and stems of the grapes that are used.
RESVERATROL
Resveratrol is a stilbenoid named trans-3,4′,5,-trihydroxystilbene
and consists of two aromatic rings which are attached by a meth-
ylene bridge. It is a natural phenol and phytoalexin, produced
naturally by 72 different plant species especially grapevines, pines,
and legumes (Soleas et al., 1997). It is also present in peanuts,
soy beans, and pomegranates in high concentrations. In particular
Botrytis cinerea infection in grapes leads to the exclusive synthesis
of resveratrol in the leaf epidermis and grape skins. Since grape
skins are not fermented during white wine production, only red
wines contain noticeable amounts of resveratrol. This compound
was first mentioned by M. Takaoka in 1939 after its isolation from
the root of the white hellebore, Veratrum grandiflorum. The name
resveratrol was derived from this source since it is a resorcinol
derivative from a Veratrum species (Lancon et al., 2007).
Resveratrol is present in cis/trans isoforms both of which may
be glucosylated and the major trans isomer is the biologically
active one. Resveratrol is also produced by chemical (Farina et al.,
2006) and biotechnological (Trantas et al., 2009) synthesis and sold
as a nutritional supplement following its derivation from Japan-
ese knotweed which is the Itadori plant (Polygonum cuspidatum;
Kimura et al., 1985).
Resveratrol was identified to be converted to its monohy-
droxylated form, piceatannol, by the cytochrome P450 enzyme
CYP1B1 (Potter et al., 2002). Piceatannol possesses stronger
antitumor effects than resveratrol itself, and its hydroxyl group
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was shown to increase its inhibitory activity on protein kinases
(Thakkar et al., 1993) and nuclear factor kappa B (NFκB; Ashikawa
et al., 2002) and its inducer activity on apoptosis (Wieder et al.,
2001). Also the actions of resveratrol were found to be related
to its 3-O-sulfate (predominantly) and 3-O-beta-d-, 4′-O-beta-
d-glucuronide metabolites (Kaldas et al., 2003). Resveratrol was
found to be metabolized mainly to its glucuronide metabolite in
the rat small intestine used as a model (Lancon et al., 2004). How-
ever, in human plasma resveratrol sulfate was found to be the
major metabolite upon oral ingestion of resveratrol (Walle et al.,
2004). This sulfation is thought to be the main limiting factor
for the bioavailability of the compound. Sulfates were also found
to be the predominant resveratrol metabolites in Caco-2 human
colon carcinoma cells but this formation could be inhibited by
resveratrol itself (Maier-Salamon et al., 2006). Sulfotransferase
1A1 is found to be responsible for the formation of 3-O-sulfates,
and these metabolites show reduced anticancer activity in human
breast cancer cells compared to resveratrol (Murias et al., 2008). In
order to reduce the fast metabolism of resveratrol the stability of
resveratrol can be improved by liposome-encapsulation (Coimbra
et al., 2011).
Resveratrol bioavailability is believed to be affected by the food
matrix. Human subjects were administered pure resveratrol, and
high amount of glucuronide metabolites were detected in the
plasma and urine. However, oral doses of grape juice also resulted
in glucuronide and sulfate conjugates in the human plasma and
urine (Meng et al., 2004). The presence of resveratrol glucosides in
grape juice following glycosylation suggests a lower bioavailabil-
ity compared to the pure resveratrol is due to the role of matrix
sugar. But the administration of polyphenols in different vehicles
(white wine, grape juice, and vegetable juice) did not show any
difference in terms of the absorption of total resveratrol (Gold-
berg et al., 2003). However, food matrix-related factors such as
proteins, carbohydrates, fiber, fat, alcohol have been suggested as
positive or negative modifiers of the absorption of polyphenols
(Azuma et al., 2002; Visioli et al., 2003). In a pharmacokinetic
study of resveratrol carried out with 11 healthy volunteers, resver-
atrol was found to be better absorbed from natural grape products
than from tablets, confirming the importance of the matrix to its
bioavailability (Ortuno et al., 2010).
Resveratrol is a multipurpose compound believed to be effective
in improving health and preventing or treating chronic diseases,
therefore it has been the focus of many animal and human stud-
ies (Figure 1). Its biological activities have been shown to depend
on its structural determinants including the number and position
of carboxyl groups, intramolecular hydrogen bonding, stereoiso-
mery, and the presence of double bond. Trans-stilbene compounds
which possess ortho-diphenoxyl or para-diphenoxyl functional-
ities having a 4′-hydroxyl group and double bond show high
chemopreventive activity (Ovesna and Horvathova-Kozics, 2005).
Coppa et al. (2011) synthesized resveratrol analog 4,4′-dihydroxy-
trans-stilbene with two hydroxyl groups in the 4 and 4′ position
to obtain a molecule more active than resveratrol; this analog was
more active than resveratrol in the inhibition of secretion of the
potent vasoconstrictor peptide, endothelin-1.
To increase the activity, several resveratrol analogs have
been synthesized. Researchers have investigated the structure-
activity relationship by changing the number and the position
FIGURE 1 | Physiological and pathological effects of resveratrol in the organisms. Resveratrol plays important roles in distinct processes and the
parameters of these effects are summarized.
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of hydroxyl groups (Szekeres et al., 2010). Increasing the number
of hydroxyl groups on the phenol rings was proved to inhibit the
growth of human tumor cells. Also, 3,3′,4′,5-tetrahydroxy-trans-
stilbene, 3,4,4′,5-tetrahydroxy-trans-stilbene and 3,3′,4,4′,5,5′-
hexahydroxy-trans-stilbene showed almost 7000-fold higher anti-
radical activity compared to resveratrol (Murias et al., 2004,
2005). A hydroxyl group at the meta position in another analog
3,5,3′,4′,5′-pentahydroxy-trans-stilbene was identified as crucial
for the inhibition of cell transformation (Lee et al., 2008). Hexa-
hydroxystilbene, M8, was identified as the most effective analog
in various tumor cell lines with its high free radical scavenging
and therefore antitumor and antimetastatic activities. Whether the
same structure-activity relationships apply to each of the effects of
resveratrol, remains to be elucidated.
AFFECTED MOLECULAR AND CELLULAR MECHANISMS ON
THE CARDIOVASCULAR CELLS
Many in vitro studies have been carried out to elucidate the mech-
anisms of the action of resveratrol. Oxidative damage and reactive
species (RS) are strongly implicated in the pathogenesis of cardio-
vascular diseases (Park et al., 1991; Repine, 1991; Ago et al., 2010;
Schiffrin, 2010). Free radicals include RS such as reactive oxygen
species (ROS) and reactive nitrogen species (RNS). RS can damage
cellular components such as proteins, lipids, carbohydrates, and
nucleic acids (Nordberg and Arner, 2001). Because of the role of
oxidative stress in cardiovascular diseases, a great deal of attention
has been focused on natural antioxidants in the treatments.
The main ROS implicated in cardiovascular diseases are super-
oxide (O•−2 ), hydroxyl (OH•), and hydrogen peroxide (H2O2) and
the RNS are nitric oxide (NO) and peroxynitrite. While superoxide
and hydroxyl radicals are more reactive, hydrogen peroxide is more
membrane permeable. Concerning the basic mechanism, these
oxygen species are converted to each other by several mechanisms.
O•−2 is dismutated non-enzymatically or enzymatically by super-
oxide dismutase (SOD) to H2O2. Also various enzymes located
in the plasma membrane, the cytosol, peroxisomes, and mito-
chondria catalyze ROS formation. Resveratrol seems to increase
vascular oxidative stress resistance by scavenging H2O2 and pre-
venting oxidative stress-induced endothelial cell death and it has
been proposed that the antioxidant and anti-apoptotic effects of
resveratrol are responsible, at least in part, for its cardioprotective
effects (Ungvari et al., 2007). Resveratrol can also inhibit the formyl
methionyl leucyl phenylalamine (fMLP) induced production of
ROS from monocytes correlated with significant inhibitory effects
on fMLP-induced phosphatidylinositol 3-kinase (PI3K) activity
and Akt phosphorylation (Poolman et al., 2005). It was shown
that resveratrol attenuates increase in ROS induced by oxidized
low density lipoproteins (oxLDL) and H2O2 levels in bovine aortic
smooth muscle cells (Liu and Liu, 2004).
Nitric oxide is one of the important RNS in the pathogenesis of
cardiovascular diseases. NO is classified as a free radical in terms
of its unpaired electron but since it is not able to initiate typical
damage reactions to biomolecules it is relatively a non-reactive
radical. NO is produced in vivo during the oxidation of one of the
terminal guanidino-nitrogen atoms of l-arginine (Palmer et al.,
1988) to l-citrulline catalyzed by NO synthase (NOS), in the pres-
ence of nicotinamide adenine dinucleotide phosphate (NADPH)
and O2 (Moncada et al., 1991; Griffith and Stuehr, 1995). It is pro-
duced by the endothelial NOS (eNOS) and is a key determinant
of cardiovascular homeostasis (in endothelial cells not in all cell
types). Of note, low concentrations of NO are considered to be
beneficial in the cardiovascular system, e.g., by causing vasodilata-
tion, and only high concentrations are thought to have negative
effects due to reactive properties. Incubation of human umbilical
vein endothelial cells (HUVEC) and HUVEC-derived EA.hy 926
cells with resveratrol upregulated the expression of eNOS mRNA.
The expression of eNOS protein and the production of eNOS-
derived NO were also increased after long-term incubation with
resveratrol. This stimulation of eNOS expression and activity may
contribute to the cardiovascular protective effects attributed to
resveratrol (Wallerath et al., 2002). A significant decrease in intra-
cellular NO level and superoxide overproduction was found in
HUVEC treated with oxLDL, but not with LDL; this redox imbal-
ance was prevented by the addition of quercetin or resveratrol
(Kostyuk et al., 2011).
Resveratrol, with the aromatic groups in its structure, is
able to function as antioxidant and prevent oxidation reac-
tions. Resveratrol has been shown to have capacity to sequester
2,2-azinobis(3-ethylbenzthiazoline-6-sulfonic acid; ABTS), 1,1-
diphenyl-2-picrylhydrazyl (DPPH), and to scavenge hydroxyl rad-
ical (Soares et al., 2003). With its antioxidant capacity, resveratrol
was shown to delay oxidative stress related apoptosis in several cell
types including peripheral blood mononuclear cells, human reti-
nal pigment epithelium cells, rat pheochromacytoma cells, and
mouse 3T3 fibroblasts (Jang and Surh, 2001; Losa, 2003; Kutuk
et al., 2004). The antioxidative property of resveratrol could make
this compound protective in atherosclerosis since LDL oxidation
is an important process in this disease. In vitro results showed that
resveratrol inhibits copper and 2,2′-azobis (2-amidinopropane)
dihydrochloride (AAPH) induced LDL oxidation (Belguendouz
et al., 1997; Fremont et al., 1999). Blood platelets may also gen-
erate ROS at the site of atherosclerotic lesion, and resveratrol was
shown to inhibit this ROS production and decrease the degree
of lipid peroxidation (Olas and Wachowicz, 2002). The results of
Miura et al. (2000) suggested that resveratrol exerts its scaveng-
ing activity of lipid peroxidation via lipid peroxyl and/or carbon
centered radicals. On the other hand, resveratrol at low concentra-
tions, was shown to elicit a pro-oxidant property by an increase in
intracellular superoxide production (Ahmad et al., 2003). It was
also a pro-oxidant in the presence of copper ions (Ahmad et al.,
2005).
Resveratrol has been shown to be cardioprotective in many
conditions (Figure 2; Gresele et al., 2011). Cardiac fibroblasts reg-
ulate myocardial remodeling by proliferating, differentiating, and
secreting extracellular matrix proteins. Prolonged activation of
cardiac fibroblasts leads to cardiac fibrosis and reduced myocar-
dial contractile function. Resveratrol was tested on the growth and
proliferation of cardiac fibroblasts and their differentiation to the
hypersecretory myofibroblast phenotype. Cardiac fibroblasts pre-
treated with resveratrol showed inhibition of basal and angiotensin
(ANG) II-induced extracellular signal-regulated kinase (ERK) 1/2
and ERK kinase activation. This inhibition reduced basal prolif-
eration and blocked ANG II-induced growth and proliferation
of cardiac fibroblasts (Olson et al., 2005). Cardiac troponin, a
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FIGURE 2 |The effects of resveratrol on atherosclerosis process.
Resveratrol (R) prevents the ROS formation directly or by the inhibition of
NADPH oxidase, induces eNOS activity, inhibits monocyte
chemoattractant protein-1 (MCP-1) expression, inhibits the tumor necrosis
factor alpha (TNFα), and angiotensin II (AngII) induced endothelial cell
apoptosis.
heterotrimeric protein complex that regulates heart contraction,
represents an attractive target for the development of drugs for
treating heart disease. Resveratrol was identified as modulating
troponin C–troponin I interactions (Pineda-Sanabria et al., 2011).
Atherosclerosis is a wide ranging cardiovascular disease and is
characterized by the proliferation of certain cell types within the
arterial wall. This proliferation results from the accumulation of
cholesterol and triglyceride carrying plasma lipoproteins in the
arteries (Stocker and Keaney, 2004). In the disease process, phago-
cytic monocytes are transformed into macrophage foam cells
following penetration into the subendothelial space. Oxidatively
modified lipoproteins are endocytosed by a receptor-mediated
mechanism and these foam cells appear to be loaded with lipid
droplets rich in cholesteryl esters (Osterud and Bjorklid, 2003;
Schmitz and Grandl, 2007). CD36 takes the most important place
among the receptors responsible for the uptake of lipoproteins
(Stocker and Keaney, 2004; Schmitz and Grandl, 2007). Foam cells
are formed due to an accumulation of lipoproteins in macrophages
and smooth muscle cells. Thus visible lesions in the pathogenesis
of atherosclerosis originate mainly from foam cells and from an
adaptive thickening of the intima (Steinberg, 2009).
Resveratrol significantly affected the proliferation and the
shape of bovine pulmonary artery endothelial cells; growth was
suppressed and cells became elongated. The cellular phenotype
induced by resveratrol was dependent on intracellular calcium
and tyrosine kinase activities, and on the assembly of actin micro-
filaments and microtubules, but was unrelated to protein kinase
C activity. Resveratrol treatment also resulted in an increase
in phosphorylated ERK1/2 and NOS expression (Bruder et al.,
2001). Resveratrol inhibited the proliferation of pulmonary artery
endothelial cells, which, based on a flow cytometric analysis, cor-
relates with the suppression of cell progression through the S and
G2 phases of the cell cycle (Hsieh et al., 1999).
Lipid peroxidation and LDL oxidation are the early events in
atherosclerotic lesion formation (Salvayre et al., 2002; Vogiatzi
et al., 2009). The source of ROS formation in the vessel wall
are thought to be mostly macrophages but also other cells like
endothelial, smooth muscle, and adventitial cells produce RS in the
vessel wall (Fortuno et al., 2005). In addition, polymorphonuclear
leukocytes (PMN) are thought to contribute to the pathogenesis of
acute CHD together with the RS production. Resveratrol exerted a
strong inhibitory effect on ROS produced by PMN stimulated with
fMLP and the results obtained from this study indicated that trans-
resveratrol interferes with the release of inflammatory media-
tors by activating PMN and down-regulating adhesion-dependent
thrombogenic PMN functions (Rotondo et al., 1998).
Frontiers in Pharmacology | Cardiovascular and Smooth Muscle Pharmacology July 2012 | Volume 3 | Article 141 | 4
Catalgol et al. Pathways in the therapeutic effects of resveratrol
Hypercholesterolemia is a major risk for coronary artery dis-
eases and ROS have also been implicated in the development of
hypercholesterolemic atherosclerosis (Stokes et al., 2002). Patients
with elevated cholesterol may have increased susceptibility to
Alzheimer’s disease in addition to coronary artery disease and
hypertension (Pappolla et al., 2003) and amyloid beta formation
is known to be induced by cholesterol. In relation to its effect
on cholesterol homeostasis, resveratrol also enhances the choles-
terol efflux mediated by apolipoprotein A1 (apoA-1) up-regulating
the ATP binding cassette transporter A1 (ABCA-1) receptors,
and reducing cholesterol influx or uptake in J774 macrophages
(Berrougui et al., 2009).
Key components in atherogenesis are known to be increased
by RS in the vascular endothelium. They include signaling mole-
cules such as redox sensitive transcription factor NFκB activation
and adhesion molecules such as selectins, vascular cell adhesion
molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-
1), and chemokines such as monocyte chemoattractant protein-1
(MCP-1). Expression of adhesion molecules and MCP-1 are also
key steps for the monocyte adhesion and migration to form
macrophages and foam cells. Macrophage colony-stimulating fac-
tor (M-CSF) is an important factor regulating the survival, pro-
liferation, differentiation, and chemotaxis of macrophages (Fan
and Watanabe, 2003; Pixley and Stanley, 2004; Chitu and Stan-
ley, 2006; Harizi and Gualde, 2006). Several studies have been
carried out with endothelial cells. Resveratrol is known to be a tyro-
sine kinase inhibitor like other members of the tyrphostin family
and at concentrations as low as 1µM and 100 nM, it significantly
inhibits ICAM-1 and VCAM-1 expression by tumor necrosis fac-
tor α (TNF)-stimulated HUVECs and lipopolysaccharide (LPS)-
stimulated human saphenous vein endothelial cells (HSVEC),
respectively. Resveratrol also significantly inhibited the adhesion of
neutrophils to TNF-α-stimulated NIH/3T3 ICAM-1-transfected
cells (Ferrero et al., 1998).
Vascular smooth muscle cells (VSMC) have an important
role in vessel formation and therefore in the development and
progression of cardiovascular diseases. Vitisin B, a resveratrol
tetramer was shown to inhibit basal and platelet derived growth
factor-induced VSMC migration. Strikingly, it did not inhibit
VSMC proliferation but in contrast enhanced cell-cycle progres-
sion (Ong et al., 2011). In addition resveratrol was shown to
inhibit VSMC proliferation through a block on G1-S phase and
by an increase in apoptosis (Poussier et al., 2005). The effect
of resveratrol on early signaling cascades in rat aortic VSMCs
triggered by ANG II and epidermal growth factor (EGF) was inves-
tigated and the results showed that resveratrol does not influence
ANG II-mediated transactivation of EGF-receptor but potently
inhibits EGF-induced phosphorylation of Akt kinase, suggesting
that resveratrol acts downstream of EGF-receptor transactivation
in VSMCs (Haider et al., 2005). However, several other mech-
anisms are thought to be involved in the smooth muscle cell
response. Resveratrol was tested on cultured human aortic smooth
muscle cells (HASMC) in terms of growth and specific gene
responses. Suppression of HASMC proliferation by resveratrol was
accompanied by a dose-dependent increase in the expression of
tumor suppressor gene p53 and heat shock protein HSP27 (Wang
et al., 2006).
Platelets are centrally important in homeostasis and pathologi-
cal conditions such as thrombosis, atherosclerosis, and inflamma-
tion and are therefore key targets in the treatment of cardiovascular
disease. Thrombosis is the formation of a thrombus within the
blood vessel resulting in occlusion of blood flow. It is a major prob-
lem that triggers both myocardial infarction and stroke. Targeting
platelet aggregation using anti-platelet therapies is recognized as
effective in the treatment and prevention of cardiovascular disease.
Resveratrol, significantly inhibited collagen-, thrombin-,and ADP-
induced aggregation of platelets from healthy subjects. Hypercho-
lesterolemia induced by a high-cholesterol diet enhanced ADP-
induced platelet aggregation; resveratrol inhibited this platelet
aggregation induced by ADP in vivo in the absence of changes
in serum lipid levels (Wang et al., 2002). Also polyphenolic grape
extract induced a dose-dependent inhibition of trial to reduce
alloimmunization to platelets (TRAP)-induced and ADP-induced
platelet aggregation and Ca2+ mobilization; this inhibition was
accompanied by activation of platelet endothelial cell adhesion
molecule-1 (PECAM-1; de Lange et al., 2007).
THE EFFECTS OF RESVERATROL IN ANIMAL MODELS OF
CARDIOVASCULAR DISEASES
Supplemental resveratrol was shown to positively modify car-
diovascular risk factors including body mass index, cholesterol,
glucose tolerance, and systolic pressure in the Yorkshire swine
hypercholesterolemic model (Robich et al., 2010).
In the rat ischemia and ischemia-reperfusion model, resveratrol
showed protective effects against ischemia-reperfusion-induced
arrhythmias and mortality. Resveratrol pretreatment both reduced
the incidence and duration of ventricular tachycardia and ventric-
ular fibrillation. During the same period, resveratrol pretreatment
also increased NO and decreased lactate dehydrogenase levels in
the carotid blood (Hung et al., 2000).
Wang et al. (2005b) determined whether resveratrol has
alcohol-independent effects, and the size, density, and mean area
of atherosclerotic plaques, and thickness of the intima layer were
significantly reduced in hypercholesterolemic rabbits given deal-
coholized red wine, red wine, or resveratrol. Collagens (COL1A,
COL3A), lipoprotein lipase (LPL), and fatty-acid binding proteins
(FABPs) involved in cardiovascular diseases and lipid metabolisms
were upregulated by a high-fat diet and downregulated by resver-
atrol. Reverse transcriptase polymerase chain reaction confirmed
that resveratrol and resveratrol-containing grape extract prevented
the induction of FABP4 in peripheral blood mononuclear cells in
female pigs fed a high-fat diet (Azorin-Ortuno et al., 2012).
Hypocholesterolemic properties of resveratrol in apo E(−/−)
mice were investigated. The concentration of total-cholesterol
(total-C) and LDL-cholesterol (LDL-C) in plasma was signifi-
cantly lower in the resveratrol-supplemented groups compared to
the control group. Plasma paraoxonase (PON) activity was signif-
icantly higher in the resveratrol group. The hepatic hydroxymetyl-
glutaryl CoA (HMG-CoA) reductase activity was significantly
lower in resveratrol group than in the control group. Resveratrol
supplementation attenuated the presence of atherosclerotic lesions
and periarterial fat deposition in the apo E(−/−) mice. The pres-
ence of ICAM-1 and VCAM-1 in atherosclerotic vessels was dimin-
ished in the resveratrol-supplemented apo E(−/−) mice (Do et al.,
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2008). Moderate consumption of red wine was shown to improve
blood flow recovery by 32% after hindlimb ischemia in hyperc-
holesterolemic ApoE-deficient mice. The number of endothelial
progenitor cells, have an important role in postnatal neovascular-
ization, was found as increased by 60% in ApoE mice exposed to
red wine. Moreover, the migratory capacity of endothelial prog-
enitor cells was significantly improved in red wine-drinking mice
(Lefevre et al., 2007). The effect of resveratrol on the atherothrom-
botic tendency was assessed in apoE(−/−)/LDLR(−/−) mice and
the formation of atheroma in the aorta and the size of laser-
induced thrombus that mostly consisted of platelet aggregates was
significantly reduced in the resveratrol fed group (Fukao et al.,
2004).
Resveratrol was shown to significantly reduce infarct size com-
pared with control in wild-type mouse hearts and this protection
was shown through activation of the newly discovered survivor
activating factor enhancement (SAFE) prosurvival signaling path-
way that involves the activation of TNFα and the signal transducer
and activator of transcription 3 (STAT3; Lamont et al., 2011).
CLINICAL DATA ON CARDIOVASCULAR DISEASES
Several different approaches have been proposed for the treat-
ment of cardiovascular diseases. Understanding the mechanisms
underlying these diseases is necessary to develop therapeutic inter-
ventions. Several epidemiologic studies tested the relationship
between wine consumption and cardiovascular risk in order to
investigate the effects of resveratrol. Low to moderate wine intake
was shown to decrease the risk of death from cardiovascular
diseases in a study involving almost 25,000 Danish subjects (Gron-
baek et al., 1995). Another large population-based cohort study
compared light to moderate wine drinkers to non-drinkers and
reported that drinkers had less risk of death from all causes (Gron-
baek et al., 2000). Renaud et al. (1999) showed that mortality from
all causes was reduced by moderate wine consumption in 36,250
French middle-aged men, in an 18 years study. In 1,28,934 adults
from Northern California, followed for 20 years, light to moderate
wine intake decreased the risk of mortality from CHD (Klatsky
et al., 2003). However, heavy drinking caused a high risk of mor-
tality from non-cardiovascular reasons. Thun et al. carried out a
large prospective study and observed the long-term effect of alco-
hol consumption in 4,90,000 men and women. The cardiovascular
risk was 40% lower in men and women who had at least one drink
daily (Thun et al., 1997). In addition acute intake of dealcoholized
red wine was documented to improve endothelial function such
as decrease in arterial stiffness in a number of studies (Karatzi
et al., 2005). Also alcohol-free red wine decreased adverse effects
of smoking on systolic blood pressure (Papamichael et al., 2006).
250–500 ml of acute dealcoholized red wine intake was found to
improve brachial artery flow-mediated vasodilation (Agewall et al.,
2000; Hashimoto et al., 2001).
As the main compound in red wine, resveratrol alone was
also tested in the clinic. In 1997s, clinical trials were at the
beginning and therefore the effects of long-term resveratrol sup-
plementation was not known (Gehm et al., 1997). However,
recent studies did not show any important side effect in the
human trials (Boocock et al., 2007). Also recent clinical trials
have observed resveratrol to be safe and well-tolerated at doses
of up to 5 g/day. But the future possible side effects may bring
limitations for these doses. When searched in the website of clin-
ical trials (http://clinicaltrials.gov/ct2/results?term=resveratrol),
totally 20 studies come up and only 5 of them are com-
pleted. These trials include the patients of cardiovascular diseases,
type 2 diabetes, obesity, Alzheimer’s disease, and cancer. Some
studies also tested the pharmacokinetic properties of resvera-
trol. A summary of published clinical trials can be found in
Table 1.
LONGEVITY
Resveratrol is believed to be good for increasing the lifespan and
also for healthy aging. There are a lot of studies which tested the
role of resveratrol in aging. Most interesting results came out from
the lifespan studies in fruit flies and nematodes (Howitz et al.,
2003; Bass et al., 2007). In 2003, Howitz and Sinclair showed that
resveratrol extends the lifespan of Saccharomyces cerevisiae sig-
nificantly (Howitz et al., 2003). Later the role of resveratrol on
the lifespan of the worm Caenorhabditis elegans and the fruit
fly Drosophila melanogaster was reported (Wood et al., 2004).
Gruber et al. (2007) also showed that resveratrol has a posi-
tive effect on the lifespan of C. elegans. Furthermore resveratrol
was observed to extend the lifespan of a short-lived fish Notho-
branchius furzeri (Valenzano et al., 2006). In these organisms,
lifespan extension depends on Sir2, a conserved deacetylase, and
Sir2 underlies the beneficial effects of caloric restriction. Resver-
atrol produces changes associated with longer lifespan, including
increased insulin sensitivity, reduced insulin-like growth factor-1
(IGF-I) levels, increased AMP-activated protein kinase (AMPK),
and peroxisome proliferator-activated receptor-gamma coactiva-
tor 1α (PGC-1α) activity, increased mitochondrial number, and
improved motor function (Baur et al., 2006). On the other hand,
resveratrol treatment had only beneficial effects on elderly mice
and did not increase the lifespan when started to be given in midlife
(Pearson et al., 2008).
Resveratrol is implicated in many pathways related to stress con-
ditions, diseases, and aging. Among them sirtuin (SIRT) pathway
acts on the cell cycle, DNA damage response, metabolism, apopto-
sis, and autophagy with its deacetylase activity (Satoh et al., 2010).
There are seven human SIRTs (SIRT1-7), and SIRT1 is implicated
in the downstream pathways of calorie restriction to reduce the
incidence of age-related diseases (Pacholec et al., 2010). Resvera-
trol is the most potent natural compound able to activate SIRT1
and the mechanism of resveratrol shows similar properties with
the calorie restriction. However the certain mechanism of resvera-
trol remains unclear. In a recent work by Park et al. (2012) resver-
atrol was shown to inhibit cAMP-degrading phosphodiesterases
and to increase NAD+ and activity of SIRT1.
Resveratrol was also shown to inhibit expression of the replica-
tive senescence marker INK4a in human dermal fibroblasts, and
microarray experiments showed that 47 of 19,000 genes were
differentially expressed. These included genes for growth, cell divi-
sion, cell signaling, apoptosis, and transcription. Genes involved
in Ras and ubiquitin pathways, Ras-GRF1, RAC3, and UBE2D3,
were downregulated. These changes suggest resveratrol might
alter SIRT-regulated downstream pathways, rather than SIRT
activity. Serum deprivation and high confluency caused nuclear
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Table 1 | Clinical data and trials of resveratrol-containing interventions (Patel et al., 2011).
Group Resveratrol dose and application route Results Reference
25,000 male and female Low-moderate wine intake Decrease in cardiovascular risk Gronbaek et al. (1995)
36,250 middle-aged men Moderate wine intake for 18 years Decrease in death from all causes Renaud et al. (1999)
1,28,934 adults Light-moderate wine intake for 20 years Decrease in death from
cardiovascular heart disease
Klatsky et al. (2003)
4,90,000 men and women Long-term alcohol consumption (one drink
daily)
Decrease in cardiovascular risk Thun et al. (1997)
Male and female colorectal
cancer patients
Caplets Modulation of enzyme systems
involved in carcinogen detoxification
Chow et al. (2010)
Healthy males and females Wine and fruit juice Pharmacokinetic and metabolic
profile has been tested
Urpi-Sarda et al. (2005), Vitaglione et al.
(2005), Ortuno et al. (2010), Goldberg
et al. (2003), Meng et al. (2004)
Healthy males and females Capsules Pharmacokinetic and metabolic
profile has been tested. No side
effects have been observed.
la Porte et al. (2010), Boocock et al.
(2007), Almeida et al. (2009), Nunes
et al. (2009), Kennedy et al. (2010)
translocation of the SIRT1-regulated transcription factor FOXO3a
(Stefani et al., 2007).
Diminished mitochondrial oxidative phosphorylation and aer-
obic capacity are associated with reduced longevity and resvera-
trol is known to have impact on these parameters. Treatment of
mice with resveratrol significantly increased their aerobic capac-
ity, as evidenced by their increased running time and consump-
tion of oxygen in muscle fibers. The effects of resveratrol were
associated with an induction of genes for oxidative phosphory-
lation and mitochondrial biogenesis and were largely explained
by a resveratrol-mediated decrease in PGC-1α acetylation and an
increase its activity. This mechanism is consistent with resver-
atrol as a known activator of the protein deacetylase, SIRT1,
and by the lack of effect of resveratrol in SIRT1(−/−) mouse
embryonic fibroblasts (Lagouge et al., 2006). In another study,
resveratrol was shown to inhibit the mitochondrial respiratory
chain through complexes I–III in the rat brain (Zini et al.,
1999).
RESVERATROL IN CANCER
Cancer is one of the most destructive diseases worldwide. In the
year 2000, cancer was suggested to be responsible for 12% of the
nearly 56 million deaths worldwide and it is expected that can-
cer rates will further increase by 50% to 15 million new cases in
the year 2020, mainly due to steadily aging populations in both
developed and developing countries (Stewart and Kleihues, 2003).
Medical literature is full of studies showing the role of polyphe-
nolic compounds and resveratrol in cancer, and resveratrol was
especially shown to have chemopreventive and chemotherapeutic
effects on different cancer types. Resveratrol may block carcino-
gen activation and increase detoxification via inhibition of phase
I and induction of phase II enzymes. It may modulate cell cycle
and induce apoptosis. Anti-angiogenic effects and suppression of
invasion and metastasis is another important aspect of resveratrol.
On the other hand, it may sensitize tumor cells for chemotherapy
with other agents (Kundu and Surh, 2008).
In this direction, resveratrol can influence important cellu-
lar and molecular mechanisms related to carcinogenesis such
as inhibition of key proteins in signal transduction pathways
such as mitogen-activated protein kinases, activator protein-1
(AP-1), and NFκB. It also affects cell-cycle regulation, apoptosis
(Fresco et al., 2006), cell differentiation and proliferation, immune
response, and chemical metabolism (Nichenametla et al., 2006;
Figure 3). In this direction, Jang et al. (1997) first demonstrated the
chemopreventive effects of resveratrol in multi-stage carcinogen-
esis (e.g., initiation, promotion, and progression also angiogenesis
and metastasis).
In this part of the review, the effect of resveratrol on cancer
will be described step by step including the effects on proliferation
and transformation of cancer cells, angiogenesis, and therefore
metastasis.
Apoptosis, a regulated form of cell death, is a complex process
involving active participation of affected cells in a self-destruction
cascade and inhibition of apoptosis leads to uncontrolled cell
proliferation, resulting in events related to autoimmune disor-
ders and cancer (Saikumar et al., 1999; Watson et al., 2000).
Apoptosis is conceivably the most potent defense against cancer.
Tumor cells can acquire resistance to apoptosis, for instance, by
over expressing anti-apoptotic proteins such as Bcl-2 or down-
regulate/mutate proapoptotic proteins such as Bax, the expres-
sion of both being regulated by the p53 tumor suppressor gene
(Miyashita et al., 1994; Wang, 1999). P53 is a transcription fac-
tor essential for the prevention of cancer formation and it can
be damaged by radiation, several chemicals, and viruses such as
the human papilloma virus. The p53 pathway is not efficient in
human cancer either by p53 gene mutation (60% of cancers) or by
loss of cell signaling upstream and downstream of p53 (Bourdon,
2007).
Since apoptosis provides a physiologic mechanism for elim-
inating abnormal cells, dietary factors affecting apoptosis can
present important effects on carcinogenesis. Conceivably, activa-
tion of apoptosis in pre-cancerous cells offers a prevention mech-
anism of cancer (chemoprevention) by dietary factors (Martin,
2006).
Subsequently, resveratrol has been shown to suppress prolifer-
ation of a wide variety of human tumor cells in vitro (Aggarwal
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FIGURE 3 | Resveratrol binds to integrin αvβ3 and activates ERK1/2
regulates cyclooxygenase-2 (COX-2) expression. COX-2 is associated with
small ubiquitin-related modifier 1 (SUMO-1), and phosphoERK1/2 translocates
to the nucleus where the complex binds to p53. In the nucleus, COX-2 is
sumoylated (S), p53 is phosphorylated (P) and acetylated (A). The COX-2 and
p53 complex binds to promoters of p53-responsive genes and initiates
transcription. Activation of ERK1/2 and cell proliferation can be promoted by
the binding of thyroid hormone and DHT each other to discrete sites on
integrin αvβ3. Estrogen (E2) binds to estrogen receptor (ER) which is the cell
surface receptor and integrin αvβ3 may assist in that process. Meanwhile,
resveratrol and non-peptide hormone play a distinct role on the activation of
ERK1/2 which differs from each other.
et al.,2004; Howells et al.,2007; Kundu and Surh,2008),which have
led to numerous pre-clinical animal studies to evaluate the cancer
chemopreventive and chemotherapeutic potential of resveratrol
(Bishayee, 2009). There is growing in vitro evidence demonstrat-
ing the inhibitory effects of resveratrol on liver cancer. Delmas
et al. (2000) showed that the proliferation of rat hepatoma and
human hepatoblastoma HepG2 cells were negatively impacted by
the addition of resveratrol to the culture medium and ethanol
potentiated the effects of resveratrol in both cell lines. These
results were attributed to the ability of resveratrol to prevent or
delay the cells from entering mitosis and increasing the num-
ber of cells arrested in the S and G2/M phase. Hepatic growth
factor (HGF) has largely been implicated in the ability of pri-
mary hepatic tumors to proliferate and invade adjacent tissue.
The effects of resveratrol on HGF-mediated invasion were deter-
mined in HepG2 cells, in part, to understand the mechanisms of
resveratrol’s anti-hepatocellular carcinoma property. Resveratrol
was found to decrease HGF-induced scattering and invasion of
liver cancer cells with concurrent inhibition of cell proliferation
possibly due to a post-receptor mechanism rather than apoptosis
(De Lédinghen et al., 2001).
Kuo et al. (2002) examined the anti-proliferative effects of
resveratrol in two human liver cancer cell lines, namely HepG2
and Hep3B. The results showed that resveratrol inhibited cell
growth only in p53-positive HepG2 cells, which was a result of
cellular apoptotic death via p53-dependent pathway. It was also
shown that resveratrol-treated cells were arrested in G1 phase
and were associated with an increase in p21 and Bax expression.
Michels et al. (2006) observed cytotoxic effect of resveratrol on rat
hepatoma cells due to induction of apoptosis via caspase activa-
tion. Overexpression of anti-apoptotic Bcl-2 has been associated
with elevated cyclooxygenase-2 (COX-2) expression (Tsujii and
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DuBois, 1995) and resveratrol was shown to suppress COX activ-
ity in the livers of mice treated with diethylnitrosamine (Khanduja
et al., 2004).
Resveratrol induces p53-independent, X-linked inhibitor of
apoptosis protein (XIAP)-mediated translocation of Bax to mito-
chondria where it undergoes oligomerization to initiate apop-
tosis. Resveratrol treatment promotes interaction between Bax
and XIAP in the cytosol and mitochondria, suggesting that XIAP
plays a critical role in the activation and translocation of Bax
to mitochondria. This process does not involve p53 but requires
accumulation of Bim and t-Bid in mitochondria. Bax primarily
undergoes homo-oligomerization in mitochondria and plays a
major role in release of cytochrome c to the cytosol. Bak, another
key protein, that regulates the mitochondrial membrane perme-
abilization, does not interact with p53 but continues to associate
with Bcl-xL. Thus, the proapoptotic function of Bak remains sup-
pressed during resveratrol-induced apoptosis. Caspase-9 silencing
inhibits resveratrol-induced caspase activation, whereas caspase-8
knockdown does not affect caspase activity, suggesting that resver-
atrol induces caspase-9-dependent apoptosis. These findings char-
acterize the molecular mechanisms of resveratrol-induced caspase
activation and subsequent apoptosis in cancer cells (Gogada et al.,
2011).
Resveratrol can positively regulate SIRT1 transcription and
activity, respectively. Increased SIRT1, in turn, inhibits expres-
sion and/or activity of several oncogenes, leading to reduced cell
proliferation, increased apoptosis, and tumor suppression (Deng,
2009).
Lin et al. demonstrated the existence of a plasma membrane
receptor for resveratrol near the arginine–glycine–aspartate recog-
nition site on integrin αvβ3 that is involved in stilbene-induced
apoptosis of cancer cells. Resveratrol treatment in vitro causes
activation and nuclear translocation of mitogen-activated pro-
tein kinase, consequent phosphorylation of Ser-15 of p53, and
apoptosis (Lin et al., 2011).
Resveratrol treatment of human glioblastoma cells was shown
to induce a delay in cell-cycle progression during S phase associated
with an increase in histone H2AX phosphorylation. Furthermore
it was able to inhibit the ability of recombinant human TOPO II
alpha to decatenate kDNA, so that it could be considered a TOPO
II poison (Jo et al., 2006; Leone et al., 2010).
Cyclooxygenase-2 is an enzyme which has been found to be
locally induced by proinflammatory mitogens, cytokines, and
growth factors during inflammation and carcinogenesis. COX-2
has been associated with cell proliferation, differentiation, apop-
tosis, angiogenesis, invasiveness, and metastasis – all of which
are involved in multi-stage tumorigenesis (Prescott and Fitz-
patrick, 2000). Treatment with resveratrol was shown to decrease
COX-2 expression in a concentration-dependent manner, suggest-
ing involvement of anti-inflammatory mechanisms. Overexpres-
sion of anti-apoptotic Bcl-2 has been associated with elevated
COX-2 expression (Tsujii and DuBois, 1995). Recently, it has
been shown that resveratrol binds to COX-2 directly to inhibit
its enzyme activity, suppresses COX-2-mediated PGE2 produc-
tion, and exerts antitumor effects on human colon adenocar-
cinoma cells in vitro and ex vivo. According to prior in vivo
studies, tumor-inhibitory effects of resveratrol in breast, esoph-
agus, intestine, and skin have been associated with its ability
to inhibit COX-2 (Bishayee, 2009). It was also found in the
same study that resveratrol can decrease the degradation of
IκB and the nuclear translocation of p65, indicating that this
dietary agent can suppress diethylnitrosamine-mediated NFκB
activation which is transcription factor for COX-2 in rat liver
carcinogenesis.
ERK1/2 and MAPK isoforms that are inducible components
of normal cellular signal transduction processes. Pathways of
ERK1/2 activation can be triggered by a variety of stimuli and have
been particularly well characterized in growth factor-stimulated
cells or in the setting of inflammation. ERK1/2 is directly acti-
vated by MAPK-kinase (MEK1/2). Upstream activators in the
MEK–MAPK pathway are Raf-1 kinase and, at the cell mem-
brane, Ras (Malarkey et al., 1995). Resveratrol activates MAPK
at low concentrations (1 pM to 10µM), but higher concentrations
(50–100µM) of resveratrol can inhibit this signal transducing
kinase in cancer cells (Miloso et al., 1999). It has been shown
that resveratrol induces ERK1/2 activation in prostate (Lin et al.,
2002; Shih et al., 2004), breast (Tang et al., 2006), glial (Lin et al.,
2008b), head, and neck cancer cells (Lin et al., 2008a). The bio-
chemical steps between formation of the COX-2-MAPK-ERK1/2
complex and activation of p53 in resveratrol-treated cells are now
clear (Lin et al., 2008a,b). In fact, recent studies have demon-
strated that posttranslational modification of COX-2 in the form
of tyrosine phosphorylation regulates COX-2 activity in cere-
bral endothelial cells (Parfenova et al., 1998). Resveratrol-induced
COX-2 associates with activated ERK1/2 in the nucleus of can-
cer cells (Lin et al., 2008a,b). Activated nuclear ERK1/2 has been
shown to form complexes with transcriptionally active proteins,
such as receptors for non-peptide hormones, signal transducing
and activator of transcription (STAT) proteins, and the oncogene
suppressor protein, p53 (Lin et al., 1999). Activated ERK1/2 in
this context serves phosphorylation of (activation) the associated
proteins.
Certain endogenous polypeptide growth factors, including
EGF, IGF, and fibroblast growth factor, have been implicated
in the development and progression of cancers (Djakiew, 2000;
Shih et al., 2004). These factors are capable of rapidly activating
ERK1/2 in several cell lines (Shih et al., 2004). EGF inhibits the
action of resveratrol on both ERK1/2 activation and the induc-
tion of apoptosis in both androgen-responsive and unresponsive
prostate cancer cells. These results suggest that increased ambi-
ent EGF levels would oppose any clinical actions that resveratrol
may have.
Additionally,on the cancer cell surface, resveratrol binds to inte-
grin αvβ3 and activates ERK1/2. In the same pathway, resveratrol
induces COX-2 expression is also regulated by ERK1/2. Following
the synthesis, COX-2 is associated with SUMO-1, and phospho-
ERK1/2 translocates to the nucleus where the complex binds to
p53. In the nucleus, COX-2 is sumoylated, p53 is phosphorylated
and acetylated. The COX-2 and p53 complex binds to promot-
ers of p53-responsive genes and initiates transcription. Activation
of ERK1/2 and cell proliferation can be promoted by binding
of thyroid hormone and dihydrotestesterone (DHT) each other
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to discrete sites on integrin αvβ3. Estrogen (E2) binds to estro-
gen receptor (ER) which is the cell surface receptor and integrin
αvβ3 may assist in that process. Meanwhile, resveratrol and non-
peptide hormones play a distinct role on the activation of ERK1/2
which differs from each other. For resveratrol-induced inhibition
of apoptosis, the activation of ERK1/2 via non-peptide hormones
is known to be critical. When EGF binds to EGF-receptor, ERK1/2
is activated and the activation of ERK1/2 by EGF directly inhibits
resveratrol-induced ERK1/2. Thus, the inhibitory role for resvera-
trol results in ERK1/2 downstream but EGF affects directly ERK1/2
activation (Lin et al., 2011; Figure 3).
On the other side, a significant amount of resveratrol accumu-
lates and is retained in the liver (Bertelli et al., 1998; Vitrac et al.,
2003; Abd El-Mohsen et al., 2006). Resveratrol has been shown
to inhibit the hepatic carcinogen-activating enzymes, includ-
ing cytochrome P450 1A1 (CYP1A1) and CYP3A/2 and induce
hepatic phase 2 conjugating enzymes, namely NAD(P)H:quinine
oxidoreductase, UDP-glucuronosyl-transferase, and glutathione
S-transferase (GST) in vitro and in vivo (Ciolino et al., 1998;
Canistro et al., 2009). The resultant effects of these enzyme mod-
ulations by resveratrol could be the reduced exposure of cells
to carcinogens due to inhibition of carcinogen activation and/or
elevated carcinogen detoxification and elimination. The most fas-
cinating property of resveratrol, with regards to liver cancer, is
its strong anti-inflammatory and antioxidant properties (Rubi-
olo et al., 2008), as both oxidative stress and inflammation have
been strongly implicated in the occurrence and progression of
hepatocellular carcinoma.
Resveratrol inhibited the development of preneoplastic lesions
in carcinogen-treated mouse mammary glands in culture and
inhibited tumorigenesis in a mouse skin cancer model (Jang et al.,
1997). Athymic mice have been used for the determination of
the role of resveratrol on human melanoma xenograft growth.
The results suggested that resveratrol may not be useful in the
treatment of melanoma and the effects of phytochemicals on cell
cultures may not translate to the whole animal system which is
thought to be because of the metabolization of resveratrol as will
be explained below (Niles et al., 2006).
The role and the potential mechanism(s) of resveratrol
were tested in N -nitrosomethylbenzylamine (NMBA)-induced
rat esophageal tumorigenesis in F344 male rats. The results sug-
gest that resveratrol suppressed NMBA-induced rat esophageal
tumorigenesis by targeting COXs and PGE2 (Li et al., 2002).
Antileukemic activity of resveratrol was examined in vitro and
in vivo using a mouse myeloid leukemia cell line (32Dp210).
Despite strong anti-proliferative and proapoptotic activities of
resveratrol against the cells in vitro, a potential antileukemia effect
occurs only in a small fraction of mice (Gao et al., 2002). Resver-
atrol was found to reduce the tumor volume, tumor weight, and
metastasis to the lung in mice bearing highly metastatic Lewis
lung carcinoma (LLC) tumors. The antitumor and antimetastatic
activities of resveratrol was suggested to be due to the inhibition
of DNA synthesis in LLC cells and the inhibition of LLC-induced
neovascularization and tube formation (angiogenesis) of HUVEC
by resveratrol (Kimura and Okuda, 2001).
Accumulating evidence suggests that combinations of two or
more compounds could be much more effective. Combinations of
several chemotherapeutic drugs also offer the possibility of low-
ering their doses and consequently may reduce unwanted adverse
effects. Resveratrol has been found to potentiate the effects of
chemotherapeutic agents and ionizing radiation (Cucciolla et al.,
2007). Angiogenesis is a critical issue for the progression and sever-
ity of cancer. Resveratrol exerts anti-angiogenic activity (Chen
et al., 2006; Garvin et al., 2006; Hu et al., 2007) and this activ-
ity has been related to the modulation of tumor cell release of
thrombospondin-1 (TSP1) and vascular endothelial growth factor
(VEGF). These effects lead to vascular endothelial cell apopto-
sis (Trapp et al., 2010). In human leukemia cells, secretion of
VEGF was shown to be inhibited by resveratrol (Tang et al., 2007).
Resveratrol inhibited pro-MMP-9 production at 25 or 50µM
concentrations in colon cancer cells (Kimura et al., 2008). Also
expression and activity of MMP-2 and MMP-9 were downreg-
ulated in MCF-7 cells, mouse mammary tumors, and multiple
myeloma cells (Banerjee et al., 2002; Sun et al., 2006; Tang et al.,
2008).
Considering these advantages, resveratrol may be used in
combination with other chemotherapeutic drugs and radia-
tion therapy to enhance their therapeutic efficacy while limiting
chemotherapy- and radiotherapy-associated negative side effects.
Additionally, it seems to be logical to extend this approach to
the field of chemoprevention, especially if one considers that
dietary chemopreventive agents are naturally present in the diet in
combination (Francy-Guilford and Pezzuto, 2008).
RESVERATROL IN NEURODEGENERATIVE AND OTHER
DISEASES
Resveratrol was claimed to be an ideal compound for the treat-
ment of neurodegenerative diseases (Anekonda, 2006). Resveratrol
was shown to diminish neurodegeneration related plaque for-
mation in a region specific manner. The largest reductions in
the percent area occupied by plaques were observed in medial
cortex (−48%), striatum (−89%), and hypothalamus (−90%;
Karuppagounder et al., 2009). Resveratrol was shown to signifi-
cantly prevent intracerebroventricular (ICV) streptozotocin (STZ)
induced cognitive impairment in rats (Sharma and Gupta, 2002).
3-Nitropropionic acid, an inhibitor of complex II of the electron
transport chain, causes Huntington’s disease-like symptoms in
rodents and resveratrol, with cyclooxygenase I inhibitory activ-
ity, significantly improved motor and cognitive impairment in
the 3-nitropropionic acid-induced model of Huntington’s dis-
ease. These results were correlated with its antioxidant activ-
ity (Kumar et al., 2006). Resveratrol was shown to protect the
spinal cord from secondary spinal cord injuries via improving
the energy metabolism system and inhibiting the lipid peroxi-
dation in the local injured spinal cord (Yang and Piao, 2003).
The effect of chronic treatment of resveratrol was evaluated
in focal ischemia induced by middle cerebral artery occlusion
in rats. Treatment prevented motor impairment, caused a rise
in levels of malondialdehyde (MDA) and reduced glutathione
and the volume of infarct as compared to control (Sinha et al.,
2002).
Hypercholesterolemia is a known risk factor for Alzheimer’s
disease, and oxidative stress may play an important role in the
progression of this disease. MDA levels as an indicator of oxidative
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stress in hypercholesterolemic rabbits were shown to be increased
consistent with the previous results (Ozer et al., 1998, 2006; Aytan
et al., 2008). Additionally, slight increase in 4-hydroxynonenal
(HNE)-proteins, 3-nitrotyrosinated proteins, and protein car-
bonyls were observed in hippocampus area of the rabbits. Resvera-
trol was effective to modulate multiple mechanisms in Alzheimer’s
disease and it was shown to lower the levels of secreted and intra-
cellular amyloid-β (Aβ) peptides produced from different cell
lines. Resveratrol was suggested to decrease Aβ amounts. It has
no effect on the Aβ-producing enzymes β- and γ-secretases, but
promote instead intracellular degradation of Aβ via a mechanism
that involves the proteasome which may be induced by oxidative
stress (Marambaud et al., 2005).
Regarding ischemic brain injury, resveratrol inhibited voltage-
activated potassium currents in rat hippocampal neurons (Gao
and Hu, 2005). In PC12 cells, Aβ induces the degradation of
cytoplasmic IκBα and increases the translocation of p65 to the
nucleus. These processes were reversed when the cells were treated
with resveratrol (25µM), suggesting that NFκB, in addition
to its upstream signal transduction, was affected by resveratrol
treatments (Jang and Surh, 2001).
Studies showed that resveratrol may be effective in diabetes.
It was shown to possess hypoglycemic and hypolipidemic effects
in STZ-induced type-1 diabetic rats by amelioration of common
symptoms, such as body weight loss, polyphagia, and polydip-
sia. Also glucose uptake by hepatocytes, adipocytes, and skeletal
muscle and hepatic glycogen synthesis were all stimulated by
resveratrol treatment (Su et al., 2006). Estradiol is known to mod-
ulate insulin sensitivity and, consequently, glucose homeostasis.
Insulin dependent and independent glucose uptake stimulation by
resveratrol is shown to be regulated by ER (Deng et al., 2008). In
STZ-nicotinamide-induced experimental type 1 diabetes in rats
resveratrol resulted in significant decrease in the levels of blood
glucose, glycosylated hemoglobin, blood urea, serum uric acid,
serum creatinine, and diminished activities of aspartate transami-
nase (AST), alanine transaminase (ALT), and alkaline phosphatase
(ALP). The antihyperglycemic nature of resveratrol is also evi-
denced from the improvement in the levels of plasma insulin
and hemoglobin (Palsamy and Subramanian, 2008). Diabetic
nephropathy is a serious microvascular complication and one of
the main causes of end-stage renal disease. Treatment with resvera-
trol significantly attenuated renal dysfunction and oxidative stress
in diabetic rats (Sharma et al., 2006). The effects of resveratrol
on memory and on acetylcholinesterase (AChE) activity in the
cerebral cortex, hippocampus, striatum, hypothalamus, cerebel-
lum, and blood in STZ-induced diabetic rats were tested. In this
study, resveratrol prevented the impairment of memory induced
by diabetes and the increase in AChE activity (Schmatz et al.,
2009). Insulin provides blood glucose homeostasis by the stim-
ulation of glucose uptake by translocation of glucose transporter
Glut-4 from intracellular pool to the caveolar membrane system.
Resveratrol-mediated Glut-4 translocation in the STZ-induced
diabetic myocardium was tested and resveratrol was shown to trig-
ger some of the similar intracellular insulin signaling components
in myocardium such as eNOS, Akt through AMPK pathway and
also by regulating the caveolin-1 and caveolin-3 status that might
play an essential role in Glut-4 translocation and glucose uptake
in STZ- induced type-1 diabetic myocardium (Penumathsa et al.,
2008).
In several studies, resveratrol has been shown to possess anti-
inflammatory effects since it plays role as aryl hydrocarbon recep-
tor antagonist and inducible COX-2 inhibitor. The effect of resver-
atrol was examined in a model of hyperalgesia induced by car-
rageenan in the rat. Pretreatment with resveratrol did not reverse
swelling and edema, but reversed the hyperalgesia induced by
local tissue injury provoked by carrageenan (Gentilli et al., 2001).
Resveratrol was found to inhibit NO generation, cytosolic iNOS
protein and steady-state mRNA levels in lipopolysaccaride (LPS)
activated RAW 264.7 macrophages. In electrophoretic mobility
shift assays, the activation of NFκB induced by LPS was inhib-
ited by resveratrol (Tsai et al., 1999). In a study carried out in
rabbits, arthritis was induced by intra-articular injection of LPS
into the knee joints. Resveratrol was shown to ameliorate the syn-
ovial inflammation after intra-articular injection (Elmali et al.,
2007).
Resveratrol adversely affects the critical early event in the her-
pes simplex virus types 1 and 2 (HSV-1 and HSV-2) replication
cycle, that has a compensatory cellular counterpart (Docherty
et al., 1999). Also topically applied resveratrol inhibits HSV
lesion formation in the skin of mice (Docherty et al., 2004).
Human cytomegalovirus replication was also inhibited by resver-
atrol via the blockage of virus-induced activation of the EGFR and
phosphatidylinositol-3-kinase signal transduction as well as NFκB
activation (Evers et al., 2004). Resveratrol was found to inhibit
varicella-zoster virus replication in a concentration-dependent
and reversible manner (Docherty et al., 2006). Resveratrol was
shown to synergistically enhance the anti-HIV-1 activity of the
nucleoside analogs zidovudine, zalcitabine, and didanosine by the
reduction of viral replication (Heredia et al., 2000).
ADMINISTRATION DOSES, ROUTES, AND BIOAVAILABILITY
OF RESVERATROL
Resveratrol synthesis in plants is catalyzed by resveratrol synthase
enzyme. In red wine, the levels are much higher than in white wine
because the skin of the grapes are removed during the fermenta-
tion of white wine (Gu et al., 1999). Also the levels in red wine
depend on the type of the grape. Besides wine, peanut is another
source of resveratrol (Wang et al., 2005a). Also mulberry is a source
and is sold as nutritional supplement (Stewart et al., 2003). Cocoa
and dark chocolate include low levels of resveratrol (Hurst et al.,
2008). And recently Japanese Knotweed has become popular for
its high content of a resveratrol analog, piceatannol (Piotrowska
et al., 2012).
Before clinical trials, researchers use in vitro results to be able
proceed. Choosing the right concentration is a crucial problem
for the in vitro studies. The tested concentration should reflect
the clinical usage and should be estimated according to the target
pathway. Generally used concentrations of resveratrol range from
µmol/l to mmol/l and observed metabolites are usually in nmol/l
concentrations. Elevated doses are sometimes used to force the
outcome but these results should be carefully interpreted (Scott
et al., 2012).
In vitro studies have used several different concentrations of
resveratrol according to the target of the study. Chao et al. (2010)
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showed that 0.1, 1, and 10µM resveratrol were neuroprotective in
SH-SY5Y cells as shown by lactic dehydrogenase release, caspase-3
activity, and also by JNK and mTOR pathway studies. In another
study in the same cell line, a 50µM concentration was shown
to reduce cellular death by inhibiting the activation of caspase
7 and the degradation of PARP (Nicolini et al., 2001). Further,
resveratrol at 171–342µg/ml concentrations was shown to be anti-
microbial against Staphylococcus aerius, Enterococcus faecalis, and
Pseudomonas aeruginosa (Chan, 2002).
For the cancer chemopreventative action of resveratrol, it
is important to know the pathway that is effective. Generally,
proliferation of the cells have been shown to be suppressed above
5µM resveratrol which may often be close to 100µM (Scott et al.,
2012). Resveratrol (52–74µM) was shown to antagonize the effect
of linoleic acid, a potent breast cancer cell stimulator, and sup-
pressed the growth of both ER-positive and -negative cell lines
((Damianaki et al., 2000; Nakagawa et al., 2001). 10–40µM were
shown to be enough to induce apoptosis in JB6 mouse epidermal
cells via JNK activation (She et al., 2002).
Regarding its cardioprotective role, NOS expression was shown
to increase at 1µM concentration while it was decreased at 60 nM
(Gu et al., 2006).
There are several routes of administration for resveratrol. Buc-
cal application is one way, this occurs by direct absorption through
mucous membrane of the mouth. However, the low solubility
of resveratrol limits the absorbable amount through the buc-
cal mucosa. Oral application as a pill restricts the bioavailability
because resveratrol is metabolized rapidly into glucuronate and
sulfonate conjugates in the intestine and liver (Walle et al., 2004).
Following oral administration in a dose of 25 mg, only trace
amounts of unchanged resveratrol (<5 ng/ml) were detected in
plasma. Although the systemic bioavailability of resveratrol is very
low, accumulation of resveratrol and potentially active resvera-
trol metabolites in epithelial cells along the aerodigestive tract
is thought to still produce cancer-preventive and other effects
(Walle et al., 2004). On this basis, SRT-501 and later SRT2104
and SRT2379 have been developed as different formulations of
resveratrol.
Several pharmacokinetic studies have been carried out to test
the bioavailability of resveratrol. In rat studies, trans-resveratrol
was found to be in different conjugates throughout the body and
its aglycone form was found to be the main metabolite retained in
the tissues (Marier et al., 2002; Wenzel et al., 2005; Abd El-Mohsen
et al., 2006). In another study, abundant trans-resveratrol-3-O-
glucuronide and trans-resveratrol-3-sulfate were identified in rat
urine, mouse serum, and in incubated rat and human hepatocytes
(Yu et al., 2002).
The steady-state pharmacokinetics and tolerability of trans-
resveratrol 2000 mg given twice daily with food, quercetin and
alcohol (ethanol) was tested in eight healthy subjects. This resulted
in adequate exposure and was well tolerated, although diarrhea
was frequently observed. In order to maximize the actions of
trans-resveratrol, it should be taken with a standard breakfast
and not with a high-fat meal. Furthermore, combined intake with
quercetin or alcohol did not influence trans-resveratrol efficiency
(la Porte et al., 2010).
A phase I study of oral resveratrol (single doses of 0.5, 1, 2.5,
or 5 g) was conducted in 10 healthy volunteers and consumption
of resveratrol at these levels did not cause serious adverse affects
(Boocock et al., 2007).
Chemopreventive parameters and metabolic conversion of
resveratrol were tested in vivo. Feeding of different dosages of
resveratrol revealed no effect on the different chemopreven-
tive parameters, and the formation of trans-resveratrol-3-sulfate,
trans-resveratrol-4′-sulfate, trans-resveratrol-3,5-disulfate, trans-
resveratrol-3,4′-disulfate, trans-resveratrol-3,4′,5-trisulfate, trans-
resveratrol-3-O-beta-d-glucuronide, and resveratrol aglycone was
detected by HPLC analysis, depending on the biological mate-
rial. The lack of effect of resveratrol on the chemopreventive
parameters is probably due to the formation of various con-
jugates reducing its bioavailability in the rat (Wenzel et al.,
2005).
CONCLUSION
The enormous amount of clinical and animal studies suggests that
resveratrol may have beneficial effects to improve health, prevent,
and/or treat chronic diseases in humans. However, despite a large
amount of circumstantial and experimental evidence, definitive
clinical studies are largely missing. Moreover, explaining the mole-
cular basis of the beneficial results of resveratrol still awaits further
detailed and extensive epidemiological studies. Further studies are
needed regarding the genetic factors that account for differences
in bioavailabity and physiological responses to resveratrol between
individuals. It should be clarified whether resveratrol can have
either synergistic or additive effects in combination with other
therapies.
REFERENCES
Abd El-Mohsen, M., Bayele, H., Kuhnle,
G., Gibson, G., Debnam, E., Kaila, S.
S., Rice-Evans, C., and Spencer, J. P.
(2006). Distribution of [3H]trans-
resveratrol in rat tissues following
oral administration. Br. J. Nutr. 96,
62–70.
Agewall, S., Wright, S., Doughty, R. N.,
Whalley, G. A., Duxbury, M., and
Sharpe, N. (2000). Does a glass of red
wine improve endothelial function?
Eur. Heart J. 21, 74–78.
Aggarwal, B. B., Bhardwaj, A., Aggarwal,
R. S., Seeram, N. P., Shishodia, S., and
Takada,Y. (2004). Role of resveratrol
in prevention and therapy of can-
cer: preclinical and clinical studies.
Anticancer Res. 24, 2783–2840.
Ago, T., Matsushima, S., Kuroda, J.,
Zablocki, D., Kitazono, T., and
Sadoshima, J. (2010). The NADPH
oxidase Nox4 and aging in the heart.
Aging (Albany NY) 2, 1012–1016.
Ahmad, A., Syed, F. A., Singh, S.,
and Hadi, S. M. (2005). Prooxidant
activity of resveratrol in the pres-
ence of copper ions: mutagenicity
in plasmid DNA. Toxicol. Lett. 159,
1–12.
Ahmad, K. A., Clement, M. V., and Per-
vaiz, S. (2003). Pro-oxidant activity
of low doses of resveratrol inhibits
hydrogen peroxide-induced apop-
tosis. Ann. N. Y. Acad. Sci. 1010,
365–373.
Almeida, L., Vaz-da-Silva, M., Falcao,
A., Soares, E., Costa, R., Loureiro,
A. I., Fernandes-Lopes, C., Rocha,
J. F., Nunes, T., Wright, L., and
Soares-da-Silva, P. (2009). Pharma-
cokinetic and safety profile of trans-
resveratrol in a rising multiple-dose
study in healthy volunteers. Mol.
Nutr. Food Res. 53(Suppl. 1), S7–S15.
Anekonda, T. S. (2006). Resveratrol – a
boon for treating Alzheimer’s dis-
ease? Brain Res. Rev. 52, 316–326.
Ashikawa, K., Majumdar, S., Baner-
jee, S., Bharti, A. C., Shishodia,
S., and Aggarwal, B. B. (2002).
Piceatannol inhibits TNF-induced
NF-kappaB activation and NF-
kappaB-mediated gene expression
through suppression of IkappaBal-
pha kinase and p65 phosphoryla-
tion. J. Immunol. 169, 6490–6497.
Aytan, N., Jung, T., Tamturk, F., Grune,
T., and Kartal-Ozer, N. (2008).
Oxidative stress related changes in
Frontiers in Pharmacology | Cardiovascular and Smooth Muscle Pharmacology July 2012 | Volume 3 | Article 141 | 12
Catalgol et al. Pathways in the therapeutic effects of resveratrol
the brain of hypercholesterolemic
rabbits. Biofactors 33, 225–236.
Azorin-Ortuno, M., Yanez-Gascon, M.
J., Gonzalez-Sarrias, A., Larrosa, M.,
Vallejo, F., Pallares, F. J., Lucas, R.,
Morales, J. C.,Tomas-Barberan,F. A.,
Garcia-Conesa, M. T., and Espin, J.
C. (2012). Effects of long-term con-
sumption of low doses of resveratrol
on diet-induced mild hypercholes-
terolemia in pigs: a transcriptomic
approach to disease prevention. J.
Nutr. Biochem. 23, 829–837.
Azuma, K., Ippoushi, K., Ito, H.,
Higashio, H., and Terao, J. (2002).
Combination of lipids and emul-
sifiers enhances the absorption of
orally administered quercetin in rats.
J. Agric. Food Chem. 50, 1706–1712.
Banerjee, S., Bueso-Ramos, C.,
and Aggarwal, B. B. (2002).
Suppression of 7,12-dimethyl
benz(a)anthracene-induced mam-
mary carcinogenesis in rats by
resveratrol: role of nuclear factor-
kappaB, cyclooxygenase 2, and
matrix metalloprotease 9. Cancer
Res. 62, 4945–4954.
Bass, T. M., Weinkove, D., Houthoofd,
K., Gems, D., and Partridge, L.
(2007). Effects of resveratrol on lifes-
pan in Drosophila melanogaster and
Caenorhabditis elegans. Mech. Ageing
Dev. 128, 546–552.
Baur, J. A., Pearson, K. J., Price, N. L.,
Jamieson, H. A., Lerin, C., Kalra, A.,
Prabhu, V. V., Allard, J. S., Lopez-
Lluch, G., Lewis, K., Pistell, P. J.,
Poosala, S., Becker, K. G., Boss, O.,
Gwinn, D., Wang, M., Ramaswamy,
S., Fishbein, K. W., Spencer, R. G.,
Lakatta, E. G., Le, C. D., Shaw, R.
J., Navas, P., Puigserver, P., Ingram,
D. K., de Cabo, R., and Sinclair,
D. A. (2006). Resveratrol improves
health and survival of mice on
a high-calorie diet. Nature 444,
337–342.
Belguendouz, L., Fremont, L., and
Linard, A. (1997). Resveratrol
inhibits metal ion-dependent
and independent peroxidation of
porcine low-density lipoproteins.
Biochem. Pharmacol. 53, 1347–1355.
Berrougui, H., Grenier, G., Loued, S.,
Drouin, G., and Khalil, A. (2009).
A new insight into resveratrol as an
atheroprotective compound: inhi-
bition of lipid peroxidation and
enhancement of cholesterol efflux.
Atherosclerosis 207, 420–427.
Bertelli, A. A., Giovannini, L., Stradi,
R., Urien, S., Tillement, J. P., and
Bertelli, A. (1998). Evaluation of
kinetic parameters of natural phy-
toalexin in resveratrol orally admin-
istered in wine to rats. Drugs Exp.
Clin. Res. 24, 51–55.
Bishayee, A. (2009). Cancer preven-
tion and treatment with resveratrol:
from rodent studies to clinical trials.
Cancer Prev. Res. (Phila.) 2, 409–418.
Boocock, D. J., Faust, G. E., Patel,
K. R., Schinas, A. M., Brown, V.
A., Ducharme, M. P., Booth, T. D.,
Crowell, J. A., Perloff, M., Gescher, A.
J., Steward, W. P., and Brenner, D. E.
(2007). Phase I dose escalation phar-
macokinetic study in healthy vol-
unteers of resveratrol, a potential
cancer chemopreventive agent. Can-
cer Epidemiol. Biomarkers Prev. 16,
1246–1252.
Bourdon, J. C. (2007). p53 and its iso-
forms in cancer. Br. J. Cancer 97,
277–282.
Bruder, J. L., Hsieh, T., Lerea, K. M.,
Olson, S. C., and Wu, J. M. (2001).
Induced cytoskeletal changes in
bovine pulmonary artery endothe-
lial cells by resveratrol and the
accompanying modified responses
to arterial shear stress. BMC Cell
Biol. 2, 1. doi:10.1186/1471-2121-2-
1
Canistro, D., Bonamassa, B., Pozzetti,
L., Sapone, A., Abdel-Rahman, S. Z.,
Biagi, G. L., and Paolini, M. (2009).
Alteration of xenobiotic metaboliz-
ing enzymes by resveratrol in liver
and lung of CD1 mice. Food Chem.
Toxicol. 47, 454–461.
Chan, M. M. (2002). Antimicrobial
effect of resveratrol on dermato-
phytes and bacterial pathogens of
the skin. Biochem. Pharmacol. 63,
99–104.
Chao, J., Li, H., Cheng, K. W., Yu, M.
S., Chang, R. C., and Wang, M.
(2010). Protective effects of pinostil-
bene, a resveratrol methylated deriv-
ative, against 6-hydroxydopamine-
induced neurotoxicity in SH-SY5Y
cells. J. Nutr. Biochem. 21, 482–489.
Chen, J. C., Chen, Y., Lin, J. H., Wu,
J. M., and Tseng, S. H. (2006).
Resveratrol suppresses angiogene-
sis in gliomas: evaluation by color
Doppler ultrasound. Anticancer Res.
26, 1237–1245.
Chitu, V., and Stanley, E. R. (2006).
Colony-stimulating factor-1 in
immunity and inflammation. Curr.
Opin. Immunol. 18, 39–48.
Chow, H. H., Garland, L. L., Hsu, C.
H., Vining, D. R., Chew, W. M.,
Miller, J. A., Perloff, M., Crowell, J. A.,
and Alberts, D. S. (2010). Resveratrol
modulates drug- and carcinogen-
metabolizing enzymes in a healthy
volunteer study. Cancer Prev. Res.
(Phila.) 3, 1168–1175.
Ciolino, H. P., Daschner, P. J., and Yeh,
G. C. (1998). Resveratrol inhibits
transcription of CYP1A1 in vitro
by preventing activation of the aryl
hydrocarbon receptor. Cancer Res.
58, 5707–5712.
Coimbra, M., Isacchi, B., van Bloois,
L., Torano, J. S., Ket, A., Wu,
X., Broere, F., Metselaar, J. M.,
Rijcken, C. J., Storm, G., Bilia,
R., and Schiffelers, R. M. (2011).
Improving solubility and chemi-
cal stability of natural compounds
for medicinal use by incorporation
into liposomes. Int. J. Pharm. 416,
433–442.
Coppa, T., Lazze, M. C., Cazza-
lini, O., Perucca, P., Pizzala, R.,
Bianchi, L., Stivala, L. A., Forti,
L., Maccario, C., Vannini, V., and
Savio, M. (2011). Structure-activity
relationship of resveratrol and
its analogue, 4,4′-dihydroxy-trans-
stilbene, toward the endothelin axis
in human endothelial cells. J. Med.
Food 14, 1173–1180.
Cucciolla, V., Borriello, A., Oliva, A.,
Galletti, P., Zappia, V., and Della,
R. F. (2007). Resveratrol: from basic
science to the clinic. Cell Cycle 6,
2495–2510.
Damianaki, A., Bakogeorgou, E.,
Kampa, M., Notas, G., Hatzoglou,
A., Panagiotou, S., Gemetzi, C.,
Kouroumalis, E., Martin, P. M.,
and Castanas, E. (2000). Potent
inhibitory action of red wine
polyphenols on human breast
cancer cells. J. Cell. Biochem. 78,
429–441.
de Lange, D. W., Verhoef, S., Gorter, G.,
Kraaijenhagen, R. J., van de Wiel,
A., and Akkerman, J. W. (2007).
Polyphenolic grape extract inhibits
platelet activation through PECAM-
1: an explanation for the French
paradox. Alcohol. Clin. Exp. Res. 31,
1308–1314.
De Lédinghen, V., Monvoisin, A.,
Neaud, V., Krisa, S., Payrastre,
B., Bedin, C., Desmouliere, A.,
Bioulac-Sage, P., and Rosenbaum,
J. (2001). Trans-resveratrol, a
grapevine-derived polyphenol,
blocks hepatocyte growth factor-
induced invasion of hepatocellular
carcinoma cells. Int. J. Oncol. 19,
83–88.
Delmas, D., Jannin, B., Cherkaoui,
M. M., and Latruffe, N. (2000).
Inhibitory effect of resveratrol on
the proliferation of human and rat
hepatic derived cell lines. Oncol. Rep.
7, 847–852.
Deng, C. X. (2009). SIRT1, is it a tumor
promoter or tumor suppressor? Int.
J. Biol. Sci. 5, 147–152.
Deng, J. Y., Hsieh, P. S., Huang,
J. P., Lu, L. S., and Hung, L.
M. (2008). Activation of estrogen
receptor is crucial for resveratrol-
stimulating muscular glucose uptake
via both insulin-dependent and -
independent pathways. Diabetes 57,
1814–1823.
Djakiew, D. (2000). Dysregulated
expression of growth factors and
their receptors in the development
of prostate cancer. Prostate 42,
150–160.
Djousse, L., Ellison, R. C., Beiser,
A., Scaramucci, A., D’Agostino,
R. B., and Wolf, P. A. (2002).
Alcohol consumption and risk of
ischemic stroke: the Framingham
study. Stroke 33, 907–912.
Do, G. M., Kwon, E. Y., Kim, H. J., Jeon,
S. M., Ha, T. Y., Park, T., and Choi,
M. S. (2008). Long-term effects of
resveratrol supplementation on sup-
pression of atherogenic lesion for-
mation and cholesterol synthesis in
apo E-deficient mice. Biochem. Bio-
phys. Res. Commun. 374, 55–59.
Docherty, J. J., Fu, M. M., Stiffler, B.
S., Limperos, R. J., Pokabla, C. M.,
and DeLucia, A. L. (1999). Resver-
atrol inhibition of herpes simplex
virus replication. Antiviral Res. 43,
145–155.
Docherty, J. J., Smith, J. S., Fu, M. M.,
Stoner, T., and Booth, T. (2004).
Effect of topically applied resveratrol
on cutaneous herpes simplex virus
infections in hairless mice. Antiviral
Res. 61, 19–26.
Docherty, J. J., Sweet, T. J., Bailey, E.,
Faith, S. A., and Booth, T. (2006).
Resveratrol inhibition of varicella-
zoster virus replication in vitro.
Antiviral Res. 72, 171–177.
Elmali, N., Baysal, O., Harma, A.,
Esenkaya, I., and Mizrak, B. (2007).
Effects of resveratrol in inflamma-
tory arthritis. Inflammation 30, 1–6.
Evers, D. L., Wang, X., Huong, S.
M., Huang, D. Y., and Huang,
E. S. (2004). 3,4′,5-Trihydroxy-
trans-stilbene (resveratrol) inhibits
human cytomegalovirus replication
and virus-induced cellular signaling.
Antiviral Res. 63, 85–95.
Fan, J., and Watanabe, T. (2003). Inflam-
matory reactions in the pathogene-
sis of atherosclerosis. J. Atheroscler.
Thromb. 10, 63–71.
Farina, A., Ferranti, C., and Marra,
C. (2006). An improved synthesis
of resveratrol. Nat. Prod. Res. 20,
247–252.
Ferrero, M. E., Bertelli, A. E., Fulgenzi,
A., Pellegatta, F., Corsi, M. M., Bon-
frate, M., Ferrara, F., De Caterina,
R., Giovannini, L., and Bertelli, A.
(1998). Activity in vitro of resvera-
trol on granulocyte and monocyte
adhesion to endothelium. Am. J.
Clin. Nutr. 68, 1208–1214.
Fortuno, A., San, J. G., Moreno,
M. U., Diez, J., and Zalba, G.
www.frontiersin.org July 2012 | Volume 3 | Article 141 | 13
Catalgol et al. Pathways in the therapeutic effects of resveratrol
(2005). Oxidative stress and vas-
cular remodelling. Exp. Physiol. 90,
457–462.
Francy-Guilford, J., and Pezzuto, J.
M. (2008). Mechanisms of cancer
chemopreventive agents: a perspec-
tive. Planta Med. 74, 1644–1650.
Fremont, L., Belguendouz, L., and Del-
pal, S. (1999). Antioxidant activity
of resveratrol and alcohol-free wine
polyphenols related to LDL oxida-
tion and polyunsaturated fatty acids.
Life Sci. 64, 2511–2521.
Fresco, P., Borges, F., Diniz, C., and Mar-
ques, M. P. (2006). New insights on
the anticancer properties of dietary
polyphenols. Med. Res. Rev. 26,
747–766.
Fukao, H., Ijiri, Y., Miura, M.,
Hashimoto, M., Yamashita, T.,
Fukunaga, C., Oiwa, K., Kawai, Y.,
Suwa, M., and Yamamoto, J. (2004).
Effect of trans-resveratrol on the
thrombogenicity and atherogenicity
in apolipoprotein E-deficient and
low-density lipoprotein receptor-
deficient mice. Blood Coagul.
Fibrinolysis 15, 441–446.
Gao, X., Xu, Y. X., Divine, G., Janakira-
man, N., Chapman, R. A., and Gau-
tam, S. C. (2002). Disparate in vitro
and in vivo antileukemic effects of
resveratrol, a natural polyphenolic
compound found in grapes. J. Nutr.
132, 2076–2081.
Gao, Z. B., and Hu, G. Y. (2005). Trans-
resveratrol, a red wine ingredient,
inhibits voltage-activated potassium
currents in rat hippocampal neu-
rons. Brain Res. 1056, 68–75.
Garvin, S., Ollinger, K., and Dabrosin,
C. (2006). Resveratrol induces
apoptosis and inhibits angio-
genesis in human breast cancer
xenografts in vivo. Cancer Lett. 231,
113–122.
Gehm, B. D., McAndrews, J. M., Chien,
P. Y., and Jameson, J. L. (1997).
Resveratrol, a polyphenolic com-
pound found in grapes and wine,
is an agonist for the estrogen recep-
tor. Proc. Natl. Acad. Sci. U.S.A. 94,
14138–14143.
Gentilli, M., Mazoit, J. X., Bouaziz,
H., Fletcher, D., Casper, R. F., Ben-
hamou, D., and Savouret, J. F. (2001).
Resveratrol decreases hyperalgesia
induced by carrageenan in the rat
hind paw. Life Sci. 68, 1317–1321.
Gogada, R., Prabhu, V., Amadori, M.,
Scott, R., Hashmi, S., and Chandra,
D. (2011). Resveratrol induces p53-
independent, X-linked inhibitor of
apoptosis protein (XIAP)-mediated
Bax protein oligomerization on
mitochondria to initiate cytochrome
c release and caspase activation. J.
Biol. Chem. 286, 28749–28760.
Goldberg, D. M., Yan, J., and Soleas, G.
J. (2003). Absorption of three wine-
related polyphenols in three differ-
ent matrices by healthy subjects.
Clin. Biochem. 36, 79–87.
Gresele, P., Cerletti, C., Guglielmini, G.,
Pignatelli, P., de Gaetano, G., and
Violi, F. (2011). Effects of resvera-
trol and other wine polyphenols on
vascular function: an update. J. Nutr.
Biochem. 22, 201–211.
Griffith, O. W., and Stuehr, D. J. (1995).
Nitric oxide synthases: properties
and catalytic mechanism. Annu. Rev.
Physiol. 57, 707–736.
Gronbaek, M., Becker, U., Johansen,
D., Gottschau, A., Schnohr, P., Hein,
H. O., Jensen, G., and Sorensen,
T. I. (2000). Type of alcohol con-
sumed and mortality from all
causes, coronary heart disease, and
cancer. Ann. Intern. Med. 133,
411–419.
Gronbaek, M., Deis, A., Sorensen, T. I.,
Becker, U., Schnohr, P., and Jensen,
G. (1995). Mortality associated with
moderate intakes of wine, beer, or
spirits. BMJ 310, 1165–1169.
Gronbaek, M. N., Becker, P. U.,
Johansen, D., Gottschau, A.,
Schnohr, P., Hein, H. O., Jensen, G.
B., and Sorensen, T. I. (2001). Beer,
wine, spirits and mortality. Results
from a prospective population
study. Ugeskr. Laeg. 163, 2946–2949.
Gruber, J., Tang, S. Y., and Halliwell,
B. (2007). Evidence for a trade-
off between survival and fitness
caused by resveratrol treatment of
Caenorhabditis elegans. Ann. N. Y.
Acad. Sci. 1100, 530–542.
Gu, J., Cq, W., Hh, F., Hy, D., Xl, X.,
Ym, X., By, W., and Dj, H. (2006).
Effects of resveratrol on endothe-
lial progenitor cells and their con-
tributions to reendothelialization in
intima-injured rats. J. Cardiovasc.
Pharmacol. 47, 711–721.
Gu, X., Creasy, L., Kester, A., and
Zeece, M. (1999). Capillary elec-
trophoretic determination of resver-
atrol in wines. J. Agric. Food Chem.
47, 3223–3227.
Haider, U. G., Roos, T. U., Kontaridis,
M. I., Neel, B. G., Sorescu, D.,
Griendling, K. K., Vollmar, A. M.,
and Dirsch, V. M. (2005). Resvera-
trol inhibits angiotensin II- and epi-
dermal growth factor-mediated Akt
activation: role of Gab1 and Shp2.
Mol. Pharmacol. 68, 41–48.
Harizi, H., and Gualde, N. (2006).
Pivotal role of PGE2 and IL-10
in the cross-regulation of dendritic
cell-derived inflammatory media-
tors. Cell. Mol. Immunol. 3, 271–277.
Hashimoto, M., Kim, S., Eto, M., Iijima,
K., Ako, J., Yoshizumi, M., Akishita,
M., Kondo, K., Itakura, H., Hosoda,
K., Toba, K., and Ouchi, Y. (2001).
Effect of acute intake of red wine on
flow-mediated vasodilatation of the
brachial artery. Am. J. Cardiol. 88,
1457–60, A9.
Heredia, A., Davis, C., and Redfield,
R. (2000). Synergistic inhibition
of HIV-1 in activated and resting
peripheral blood mononuclear cells,
monocyte-derived macrophages,
and selected drug-resistant iso-
lates with nucleoside analogues
combined with a natural product,
resveratrol. J. Acquir. Immune Defic.
Syndr. 25, 246–255.
Howells, L. M., Moiseeva, E. P., Neal, C.
P., Foreman, B. E., Andreadi, C. K.,
Sun, Y. Y., Hudson, E. A., and Man-
son, M. M. (2007). Predicting the
physiological relevance of in vitro
cancer preventive activities of phy-
tochemicals. Acta Pharmacol. Sin. 28,
1274–1304.
Howitz, K. T., Bitterman, K. J., Cohen,
H. Y., Lamming, D. W., Lavu, S.,
Wood, J. G., Zipkin, R. E., Chung,
P., Kisielewski, A., Zhang, L. L.,
Scherer, B., and Sinclair, D. A. (2003).
Small molecule activators of sirtu-
ins extend Saccharomyces cerevisiae
lifespan. Nature 425, 191–196.
Hsieh, T. C., Juan, G., Darzynkiewicz,
Z., and Wu, J. M. (1999). Resvera-
trol increases nitric oxide synthase,
induces accumulation of p53 and
p21(WAF1/CIP1), and suppresses
cultured bovine pulmonary artery
endothelial cell proliferation by per-
turbing progression through S and
G2. Cancer Res. 59, 2596–2601.
Hu, Y., Sun, C. Y., Huang, J., Hong, L.,
Zhang, L., and Chu, Z. B. (2007).
Antimyeloma effects of resveratrol
through inhibition of angiogenesis.
Chin. Med. J. 120, 1672–1677.
Hung, L. M., Chen, J. K., Huang, S. S.,
Lee, R. S., and Su, M. J. (2000). Car-
dioprotective effect of resveratrol,
a natural antioxidant derived from
grapes. Cardiovasc. Res. 47, 549–555.
Hurst, W. J., Glinski, J. A., Miller, K. B.,
Apgar, J., Davey, M. H., and Stuart,
D. A. (2008). Survey of the trans-
resveratrol and trans-piceid content
of cocoa-containing and chocolate
products. J. Agric. Food Chem. 56,
8374–8378.
Jang, J. H., and Surh, Y. J. (2001).
Protective effects of resveratrol on
hydrogen peroxide-induced apop-
tosis in rat pheochromocytoma
(PC12) cells. Mutat. Res. 496,
181–190.
Jang, M., Cai, L., Udeani, G. O., Slow-
ing, K. V., Thomas, C. F., Beecher,
C. W., Fong, H. H., Farnsworth,
N. R., Kinghorn, A. D., Mehta, R.
G., Moon, R. C., and Pezzuto, J.
M. (1997). Cancer chemopreven-
tive activity of resveratrol, a natural
product derived from grapes. Science
275, 218–220.
Jo, J. Y., Gonzalez de Mejia, E., and Lila,
M. A. (2006). Catalytic inhibition
of human DNA topoisomerase II
by interactions of grape cell culture
polyphenols. J. Agric. Food Chem. 54,
2083–2087.
Kaldas, M. I., Walle, U. K., and Walle,
T. (2003). Resveratrol transport and
metabolism by human intestinal
Caco-2 cells. J. Pharm. Pharmacol.
55, 307–312.
Karatzi, K. N., Papamichael, C. M.,
Karatzis, E. N., Papaioannou, T.
G., Aznaouridis, K. A., Katsichti,
P. P., Stamatelopoulos, K. S., Zam-
pelas, A., Lekakis, J. P., and
Mavrikakis, M. E. (2005). Red wine
acutely induces favorable effects
on wave reflections and central
pressures in coronary artery dis-
ease patients. Am. J. Hypertens. 18,
1161–1167.
Karuppagounder, S. S., Pinto, J. T., Xu,
H., Chen, H. L., Beal, M. F., and Gib-
son, G. E. (2009). Dietary supple-
mentation with resveratrol reduces
plaque pathology in a transgenic
model of Alzheimer’s disease. Neu-
rochem. Int. 54, 111–118.
Kennedy, D. O., Wightman, E. L., Reay,
J. L., Lietz, G., Okello, E. J., Wilde,
A., and Haskell, C. F. (2010). Effects
of resveratrol on cerebral blood
flow variables and cognitive per-
formance in humans: a double-
blind, placebo-controlled, crossover
investigation. Am. J. Clin. Nutr. 91,
1590–1597.
Khanduja, K. L., Bhardwaj, A., and
Kaushik, G. (2004). Resveratrol
inhibits N-nitrosodiethylamine-
induced ornithine decarboxylase
and cyclooxygenase in mice. J. Nutr.
Sci. Vitaminol. 50, 61–65.
Kimura, Y., and Okuda, H. (2001).
Resveratrol isolated from Polygonum
cuspidatum root prevents tumor
growth and metastasis to lung and
tumor-induced neovascularization
in Lewis lung carcinoma-bearing
mice. J. Nutr. 131, 1844–1849.
Kimura, Y., Okuda, H., and Arichi,
S. (1985). Effects of stilbenes on
arachidonate metabolism in leuko-
cytes. Biochim. Biophys. Acta 834,
275–278.
Kimura, Y., Sumiyoshi, M., and Baba, K.
(2008). Antitumor activities of syn-
thetic and natural stilbenes through
antiangiogenic action. Cancer Sci.
99, 2083–2096.
Klatsky, A. L., Friedman, G. D., Arm-
strong, M. A., and Kipp, H. (2003).
Frontiers in Pharmacology | Cardiovascular and Smooth Muscle Pharmacology July 2012 | Volume 3 | Article 141 | 14
Catalgol et al. Pathways in the therapeutic effects of resveratrol
Wine, liquor, beer, and mortality.
Am. J. Epidemiol. 158, 585–595.
Kostyuk, V. A., Potapovich, A. I., Suhan,
T. O., de Luca, C., and Korkina,
L. G. (2011). Antioxidant and sig-
nal modulation properties of plant
polyphenols in controlling vascu-
lar inflammation. Eur. J. Pharmacol.
658, 248–256.
Kumar, P., Padi, S. S., Naidu, P. S., and
Kumar, A. (2006). Effect of resver-
atrol on 3-nitropropionic acid-
induced biochemical and behav-
ioural changes: possible neuropro-
tective mechanisms. Behav. Pharma-
col. 17, 485–492.
Kundu, J. K., and Surh,Y. J. (2008). Can-
cer chemopreventive and therapeu-
tic potential of resveratrol: mecha-
nistic perspectives. Cancer Lett. 269,
243–261.
Kuo, P. L., Chiang, L. C., and Lin, C. C.
(2002). Resveratrol- induced apop-
tosis is mediated by p53-dependent
pathway in Hep G2 cells. Life Sci. 72,
23–34.
Kutuk, O., Adli, M., Poli, G., and
Basaga, H. (2004). Resveratrol pro-
tects against 4-HNE induced oxida-
tive stress and apoptosis in Swiss 3T3
fibroblasts. Biofactors 20, 1–10.
la Porte, C., Voduc, N., Zhang, G.,
Seguin, I., Tardiff, D., Singhal, N.,
and Cameron, D. W. (2010). Steady-
State pharmacokinetics and tolera-
bility of trans-resveratrol 2000 mg
twice daily with food, quercetin and
alcohol (ethanol) in healthy human
subjects. Clin. Pharmacokinet. 49,
449–454.
Lagouge, M., Argmann, C., Gerhart-
Hines, Z., Meziane, H., Lerin, C.,
Daussin, F., Messadeq, N., Milne,
J., Lambert, P., Elliott, P., Geny, B.,
Laakso, M., Puigserver, P., and Auw-
erx, J. (2006). Resveratrol improves
mitochondrial function and protects
against metabolic disease by activat-
ing SIRT1 and PGC-1alpha. Cell 127,
1109–1122.
Lamont, K. T., Somers, S., Lacerda,
L., Opie, L. H., and Lecour, S.
(2011). Is red wine a SAFE sip
away from cardioprotection? Mech-
anisms involved in resveratrol-
and melatonin-induced cardiopro-
tection. J. Pineal Res. 50, 374–380.
Lancon, A., Delmas, D., Osman,
H., Thenot, J. P., Jannin, B., and
Latruffe, N. (2004). Human hepatic
cell uptake of resveratrol: involve-
ment of both passive diffusion and
carrier-mediated process. Biochem.
Biophys. Res. Commun. 316,
1132–1137.
Lancon, A., Hanet, N., Jannin, B.,
Delmas, D., Heydel, J. M., Lizard,
G., Chagnon, M. C., Artur, Y.,
and Latruffe, N. (2007). Resvera-
trol in human hepatoma HepG2
cells: metabolism and inducibility of
detoxifying enzymes. Drug Metab.
Dispos. 35, 699–703.
Lee, K. W., Kang, N. J., Rogozin, E.
A., Oh, S. M., Heo, Y. S., Pugliese,
A., Bode, A. M., Lee, H. J., and
Dong, Z. (2008). The resveratrol
analogue 3,5,3′,4′,5′-pentahydroxy-
trans-stilbene inhibits cell transfor-
mation via MEK. Int. J. Cancer 123,
2487–2496.
Lefevre, J., Michaud, S. E., Had-
dad, P., Dussault, S., Menard, C.,
Groleau, J., Turgeon, J., and Rivard,
A. (2007). Moderate consumption
of red wine (cabernet sauvignon)
improves ischemia-induced neovas-
cularization in ApoE-deficient mice:
effect on endothelial progenitor cells
and nitric oxide. FASEB J. 21,
3845–3852.
Leone, S., Cornetta, T., Basso, E., and
Cozzi, R. (2010). Resveratrol induces
DNA double-strand breaks through
human topoisomerase II interac-
tion. Cancer Lett. 295, 167–172.
Li, Z. G., Hong, T., Shimada, Y.,
Komoto, I., Kawabe, A., Ding, Y.,
Kaganoi, J., Hashimoto, Y., and
Imamura, M. (2002). Suppression
of N -nitrosomethylbenzylamine
(NMBA)-induced esophageal
tumorigenesis in F344 rats by
resveratrol. Carcinogenesis 23,
1531–1536.
Lin, H. Y., Shih, A., Davis, F. B., and
Davis, P. J. (1999). Thyroid hor-
mone promotes the phosphoryla-
tion of STAT3 and potentiates the
action of epidermal growth factor in
cultured cells. Biochem. J. 338(Pt 2),
427–432.
Lin, H. Y., Shih, A., Davis, F. B., Tang,
H. Y., Martino, L. J., Bennett, J. A.,
and Davis, P. J. (2002). Resveratrol
induced serine phosphorylation of
p53 causes apoptosis in a mutant p53
prostate cancer cell line. J. Urol. 168,
748–755.
Lin, H. Y., Sun, M., Tang, H. Y., Simone,
T. M., Wu, Y. H., Grandis, J. R.,
Cao, H. J., Davis, P. J., and Davis,
F. B. (2008a). Resveratrol causes
COX-2- and p53-dependent apop-
tosis in head and neck squamous cell
cancer cells. J. Cell. Biochem. 104,
2131–2142.
Lin, H. Y., Tang, H. Y., Keating, T.,
Wu, Y. H., Shih, A., Hammond, D.,
Sun, M., Hercbergs, A., Davis, F. B.,
and Davis, P. J. (2008b). Resveratrol
is pro-apoptotic and thyroid hor-
mone is anti-apoptotic in glioma
cells: both actions are integrin and
ERK mediated. Carcinogenesis 29,
62–69.
Lin, H. Y., Tang, H. Y., Davis, F. B., and
Davis, P. J. (2011). Resveratrol and
apoptosis. Ann. N. Y. Acad. Sci. 1215,
79–88.
Liu, Y., and Liu, G. (2004). Isorhapon-
tigenin and resveratrol suppress
oxLDL-induced proliferation and
activation of ERK1/2 mitogen-
activated protein kinases of bovine
aortic smooth muscle cells. Biochem.
Pharmacol. 67, 777–785.
Losa, G. A. (2003). Resveratrol mod-
ulates apoptosis and oxidation in
human blood mononuclear cells.
Eur. J. Clin. Invest. 33, 818–823.
Lucas, D. L., Brown, R. A., Wassef, M.,
and Giles, T. D. (2005). Alcohol and
the cardiovascular system: research
challenges and opportunities. J. Am.
Coll. Cardiol. 45, 1916–1924.
Maier-Salamon, A., Hagenauer, B.,
Wirth, M., Gabor, F., Szekeres, T., and
Jager, W. (2006). Increased transport
of resveratrol across monolayers of
the human intestinal Caco-2 cells is
mediated by inhibition and satura-
tion of metabolites. Pharm. Res. 23,
2107–2115.
Malarkey, K., Belham, C. M., Paul, A.,
Graham, A., McLees, A., Scott, P.
H., and Plevin, R. (1995). The reg-
ulation of tyrosine kinase signalling
pathways by growth factor and G-
protein-coupled receptors. Biochem.
J. 309(Pt 2), 361–375.
Marambaud, P., Zhao, H., and Davies, P.
(2005). Resveratrol promotes clear-
ance of Alzheimer’s disease amyloid-
beta peptides. J. Biol. Chem. 280,
37377–37382.
Marier, J. F., Vachon, P., Gritsas,
A., Zhang, J., Moreau, J. P., and
Ducharme, M. P. (2002). Metab-
olism and disposition of resvera-
trol in rats: extent of absorption,
glucuronidation, and enterohepatic
recirculation evidenced by a linked-
rat model. J. Pharmacol. Exp. Ther.
302, 369–373.
Martin, K. R. (2006). Targeting apopto-
sis with dietary bioactive agents. Exp.
Biol. Med. (Maywood) 231, 117–129.
Meng, X., Maliakal, P., Lu, H., Lee, M.
J., and Yang, C. S. (2004). Urinary
and plasma levels of resveratrol and
quercetin in humans, mice, and rats
after ingestion of pure compounds
and grape juice. J. Agric. Food Chem.
52, 935–942.
Michels, G.,Watjen,W.,Weber, N., Nier-
ing, P., Chovolou, Y., Kampkotter,
A., Proksch, P., and Kahl, R. (2006).
Resveratrol induces apoptotic cell
death in rat H4IIE hepatoma cells
but necrosis in C6 glioma cells. Tox-
icology 225, 173–182.
Miloso, M., Bertelli, A. A., Nicol-
ini, G., and Tredici, G. (1999).
Resveratrol-induced activation
of the mitogen-activated protein
kinases, ERK1 and ERK2, in human
neuroblastoma SH-SY5Y cells.
Neurosci. Lett. 264, 141–144.
Miura, T., Muraoka, S., Ikeda, N.,
Watanabe, M., and Fujimoto, Y.
(2000). Antioxidative and prooxida-
tive action of stilbene derivatives.
Pharmacol. Toxicol. 86, 203–208.
Miyashita, T., Krajewski, S., Krajew-
ska, M., Wang, H. G., Lin, H. K.,
Liebermann, D. A., Hoffman, B., and
Reed, J. C. (1994). Tumor suppressor
p53 is a regulator of bcl-2 and bax
gene expression in vitro and in vivo.
Oncogene 9, 1799–1805.
Moncada, S., Palmer, R. M., and Higgs,
E. A. (1991). Nitric oxide: physiol-
ogy, pathophysiology, and pharma-
cology. Pharmacol. Rev. 43, 109–142.
Murias, M., Handler, N., Erker, T.,
Pleban, K., Ecker, G., Saiko, P.,
Szekeres, T., and Jager, W. (2004).
Resveratrol analogues as selective
cyclooxygenase-2 inhibitors: syn-
thesis and structure-activity rela-
tionship. Bioorg. Med. Chem. 12,
5571–5578.
Murias, M., Jager, W., Handler, N.,
Erker, T., Horvath, Z., Szekeres,
T., Nohl, H., and Gille, L. (2005).
Antioxidant, prooxidant and cyto-
toxic activity of hydroxylated resver-
atrol analogues: structure-activity
relationship. Biochem. Pharmacol.
69, 903–912.
Murias, M., Miksits, M., Aust, S.,
Spatzenegger, M., Thalhammer, T.,
Szekeres, T., and Jaeger, W. (2008).
Metabolism of resveratrol in breast
cancer cell lines: impact of sulfo-
transferase 1A1 expression on cell
growth inhibition. Cancer Lett. 261,
172–182.
Nakagawa, H., Kiyozuka, Y., Uemura,
Y., Senzaki, H., Shikata, N., Hioki,
K., and Tsubura, A. (2001). Resver-
atrol inhibits human breast cancer
cell growth and may mitigate the
effect of linoleic acid, a potent breast
cancer cell stimulator. J. Cancer Res.
Clin. Oncol. 127, 258–264.
Nichenametla, S. N., Taruscio, T. G.,
Barney, D. L., and Exon, J. H. (2006).
A review of the effects and mech-
anisms of polyphenolics in can-
cer. Crit. Rev. Food Sci. Nutr. 46,
161–183.
Nicolini, G., Rigolio, R., Miloso,
M., Bertelli, A. A., and Tredici,
G. (2001). Anti-apoptotic effect
of trans-resveratrol on paclitaxel-
induced apoptosis in the human
neuroblastoma SH-SY5Y cell line.
Neurosci. Lett. 302, 41–44.
Niles, R. M., Cook, C. P., Meadows, G.
G., Fu, Y. M., McLaughlin, J. L., and
www.frontiersin.org July 2012 | Volume 3 | Article 141 | 15
Catalgol et al. Pathways in the therapeutic effects of resveratrol
Rankin, G. O. (2006). Resveratrol
is rapidly metabolized in athymic
(nu/nu) mice and does not inhibit
human melanoma xenograft tumor
growth. J. Nutr. 136, 2542–2546.
Nordberg, J., and Arner, E. S. (2001).
Reactive oxygen species, antioxi-
dants, and the mammalian thiore-
doxin system. Free Radic. Biol. Med.
31, 1287–1312.
Nunes, T., Almeida, L., Rocha, J.
F., Falcao, A., Fernandes-Lopes,
C., Loureiro, A. I., Wright, L.,
Vaz-da-Silva, M., and Soares-da-
Silva, P. (2009). Pharmacokinetics of
trans-resveratrol following repeated
administration in healthy elderly
and young subjects. J. Clin. Pharma-
col. 49, 1477–1482.
Olas, B., and Wachowicz, B. (2002).
Resveratrol and vitamin C as antiox-
idants in blood platelets. Thromb.
Res. 106, 143–148.
Olson, E. R., Naugle, J. E., Zhang, X.,
Bomser, J. A., and Meszaros, J. G.
(2005). Inhibition of cardiac fibrob-
last proliferation and myofibroblast
differentiation by resveratrol. Am.
J. Physiol. Heart Circ. Physiol. 288,
H1131–H1138.
Ong, E. T., Hwang, T. L., Huang,
Y. L., Lin, C. F., and Wu, W.
B. (2011). Vitisin B, a resveratrol
tetramer, inhibits migration through
inhibition of PDGF signaling and
enhancement of cell adhesiveness
in cultured vascular smooth muscle
cells. Toxicol. Appl. Pharmacol. 256,
198–208.
Ortuno, J., Covas, M. I., Farre, M.,
Pujadas, M., Fito, M., Khymenets, O.,
Andres-Lacueva, C., Roset, P., Joglar,
J., Lamuela-Raventos, R. M., and de
la Torre, R. (2010). Matrix effects
on the bioavailability of resvera-
trol in humans. Food Chem. 120,
1123–1130.
Osterud, B., and Bjorklid, E. (2003).
Role of monocytes in atherogenesis.
Physiol. Rev. 83, 1069–1112.
Ovesna, Z., and Horvathova-Kozics,
K. (2005). Structure-activity rela-
tionship of trans-resveratrol and
its analogues. Neoplasma 52,
450–455.
Ozer, N. K., Negis, Y., Aytan, N., Vil-
lacorta, L., Ricciarelli, R., Zingg, J.
M., and Azzi, A. (2006). Vitamin E
inhibits CD36 scavenger receptor
expression in hypercholesterolemic
rabbits. Atherosclerosis 184,
15–20.
Ozer, N. K., Sirikci, O., Taha, S., San,
T., Moser, U., and Azzi, A. (1998).
Effect of vitamin E and probucol on
dietary cholesterol-induced athero-
sclerosis in rabbits. Free Radic. Biol.
Med. 24, 226–233.
Pacholec, M., Bleasdale, J. E., Chrunyk,
B., Cunningham, D., Flynn, D.,
Garofalo, R. S., Griffith, D., Griffor,
M., Loulakis, P., Pabst, B., Qiu, X.,
Stockman, B., Thanabal, V., Vargh-
ese, A., Ward, J., Withka, J., and
Ahn, K. (2010). SRT1720, SRT2183,
SRT1460, and resveratrol are not
direct activators of SIRT1. J. Biol.
Chem. 285, 8340–8351.
Palmer, R. M., Rees, D. D., Ashton, D. S.,
and Moncada, S. (1988). L-arginine
is the physiological precursor for
the formation of nitric oxide in
endothelium-dependent relaxation.
Biochem. Biophys. Res. Commun.
153, 1251–1256.
Palsamy, P., and Subramanian, S.
(2008). Resveratrol, a natural phy-
toalexin, normalizes hyperglycemia
in streptozotocin-nicotinamide
induced experimental diabetic
rats. Biomed. Pharmacother. 62,
598–605.
Papamichael, C., Karatzi, K., Karatzis,
E., Papaioannou, T. G., Katsichti,
P., Zampelas, A., and Lekakis, J.
(2006). Combined acute effects of
red wine consumption and ciga-
rette smoking on haemodynamics
of young smokers. J. Hypertens. 24,
1287–1292.
Pappolla, M. A., Bryant-Thomas, T.
K., Herbert, D., Pacheco, J., Fabra,
G. M., Manjon, M., Girones, X.,
Henry, T. L., Matsubara, E., Zam-
bon, D., Wolozin, B., Sano, M.,
Cruz-Sanchez, F. F., Thal, L. J.,
Petanceska, S. S., and Refolo, L. M.
(2003). Mild hypercholesterolemia
is an early risk factor for the develop-
ment of Alzheimer amyloid pathol-
ogy. Neurology 61, 199–205.
Parfenova, H., Balabanova, L., and
Leffler, C. W. (1998). Posttransla-
tional regulation of cyclooxygenase
by tyrosine phosphorylation in cere-
bral endothelial cells. Am. J. Physiol.
274, C72–C81.
Park, S. J., Ahmad, F., Philp, A., Baar,
K., Williams, T., Luo, H., Ke, H.,
Rehmann, H., Taussig, R., Brown,
A. L., Kim, M. K., Beaven, M.
A., Burgin, A. B., Manganiello, V.,
and Chung, J. H. (2012). Resvera-
trol ameliorates aging-related meta-
bolic phenotypes by inhibiting
cAMP phosphodiesterases. Cell 148,
421–433.
Park, Y., Kanekal, S., and Kehrer, J.
P. (1991). Oxidative changes in
hypoxic rat heart tissue. Am. J. Phys-
iol. 260, H1395–H1405.
Patel, K. R., Scott, E., Brown, V. A.,
Gescher, A. J., Steward, W. P., and
Brown, K. (2011). Clinical trials of
resveratrol. Ann. N. Y. Acad. Sci.
1215, 161–169.
Pearson, K. J., Baur, J. A., Lewis, K.
N., Peshkin, L., Price, N. L., Labin-
skyy, N., Swindell, W. R., Kamara, D.,
Minor, R. K., Perez, E., Jamieson, H.
A., Zhang, Y., Dunn, S. R., Sharma,
K., Pleshko, N., Woollett, L. A.,
Csiszar,A., Ikeno,Y., Le, C. D., Elliott,
P. J., Becker, K. G., Navas, P., Ingram,
D. K., Wolf, N. S., Ungvari, Z., Sin-
clair, D. A., and de Cabo, R. (2008).
Resveratrol delays age-related deteri-
oration and mimics transcriptional
aspects of dietary restriction with-
out extending life span. Cell Metab. 8,
157–168.
Penumathsa, S. V., Thirunavukkarasu,
M., Zhan, L., Maulik, G., Menon,
V. P., Bagchi, D., and Maulik,
N. (2008). Resveratrol enhances
GLUT-4 translocation to the cave-
olar lipid raft fractions through
AMPK/Akt/eNOS signalling path-
way in diabetic myocardium. J. Cell.
Mol. Med. 12, 2350–2361.
Pineda-Sanabria, S. E., Robertson, I.
M., and Sykes, B. D. (2011). Struc-
ture of trans-resveratrol in com-
plex with the cardiac regulatory pro-
tein troponin C. Biochemistry 50,
1309–1320.
Piotrowska, H., Kucinska, M., and
Murias, M. (2012). Biological activ-
ity of piceatannol: leaving the
shadow of resveratrol. Mutat. Res.
750, 60–82.
Pixley, F. J., and Stanley, E. R. (2004).
CSF-1 regulation of the wandering
macrophage: complexity in action.
Trends Cell Biol. 14, 628–638.
Poolman, T. M., Ng, L. L., Farmer,
P. B., and Manson, M. M. (2005).
Inhibition of the respiratory burst
by resveratrol in human monocytes:
correlation with inhibition of PI3K
signaling. Free Radic. Biol. Med. 39,
118–132.
Potter, G. A., Patterson, L. H., Wanogho,
E., Perry, P. J., Butler, P. C., Ijaz,
T., Ruparelia, K. C., Lamb, J. H.,
Farmer, P. B., Stanley, L. A., and
Burke, M. D. (2002). The can-
cer preventative agent resveratrol is
converted to the anticancer agent
piceatannol by the cytochrome P450
enzyme CYP1B1. Br. J. Cancer 86,
774–778.
Poussier, B., Cordova, A. C., Bec-
quemin, J. P., and Sumpio, B. E.
(2005). Resveratrol inhibits vascular
smooth muscle cell proliferation and
induces apoptosis. J. Vasc. Surg. 42,
1190–1197.
Prescott, S. M., and Fitzpatrick, F. A.
(2000). Cyclooxygenase-2 and car-
cinogenesis. Biochim. Biophys. Acta
1470, M69–M78.
Renaud, S., and de Lorgeril, M. (1992).
Wine, alcohol, platelets, and the
French paradox for coronary heart
disease. Lancet 339, 1523–1526.
Renaud, S. C., Gueguen, R., Siest, G., and
Salamon, R. (1999). Wine, beer, and
mortality in middle-aged men from
eastern France. Arch. Intern. Med.
159, 1865–1870.
Repine, J. E. (1991). Oxidant-
antioxidant balance: some
observations from studies of
ischemia-reperfusion in isolated
perfused rat hearts. Am. J. Med. 91,
45S–53S.
Robich, M. P., Chu, L. M., Chaudray, M.,
Nezafat, R., Han, Y., Clements, R. T.,
Laham, R. J., Manning, W. J., Coady,
M. A., and Sellke, F. W. (2010).
Anti-angiogenic effect of high-dose
resveratrol in a swine model of
metabolic syndrome. Surgery 148,
453–462.
Rotondo, S., Rajtar, G., Manarini, S.,
Celardo, A., Rotillo, D., de Gaetano,
G., Evangelista, V., and Cerletti, C.
(1998). Effect of trans-resveratrol, a
natural polyphenolic compound, on
human polymorphonuclear leuko-
cyte function. Br. J. Pharmacol. 123,
1691–1699.
Rubiolo, J. A., Mithieux, G., and Vega, F.
V. (2008). Resveratrol protects pri-
mary rat hepatocytes against oxida-
tive stress damage: activation of
the Nrf2 transcription factor and
augmented activities of antioxidant
enzymes. Eur. J. Pharmacol. 591,
66–72.
Saikumar, P., Dong, Z., Mikhailov, V.,
Denton, M., Weinberg, J. M., and
Venkatachalam, M. A. (1999). Apop-
tosis: definition, mechanisms, and
relevance to disease. Am. J. Med. 107,
489–506.
Salvayre, R., Auge, N., Benoist, H.,
and Negre-Salvayre, A. (2002).
Oxidized low-density lipoprotein-
induced apoptosis. Biochim. Bio-
phys. Acta 1585, 213–221.
Satoh, A., Brace, C. S., Ben-Josef, G.,
West, T., Wozniak, D. F., Holtz-
man, D. M., Herzog, E. D., and
Imai, S. (2010). SIRT1 promotes
the central adaptive response to diet
restriction through activation of the
dorsomedial and lateral nuclei of
the hypothalamus. J. Neurosci. 30,
10220–10232.
Schiffrin, E. L. (2010). Antioxidants
in hypertension and cardiovascular
disease. Mol. Interv. 10, 354–362.
Schmatz, R., Mazzanti, C. M., Spanev-
ello, R., Stefanello, N., Gutierres, J.,
Correa, M., da Rosa, M. M., Rubin,
M. A., Chitolina Schetinger, M. R.,
and Morsch, V. M. (2009). Resver-
atrol prevents memory deficits and
the increase in acetylcholinesterase
activity in streptozotocin-induced
Frontiers in Pharmacology | Cardiovascular and Smooth Muscle Pharmacology July 2012 | Volume 3 | Article 141 | 16
Catalgol et al. Pathways in the therapeutic effects of resveratrol
diabetic rats. Eur. J. Pharmacol. 610,
42–48.
Schmitz, G., and Grandl, M. (2007).
Role of redox regulation and lipid
rafts in macrophages during Ox-
LDL-mediated foam cell forma-
tion. Antioxid. Redox Signal. 9,
1499–1518.
Scott, E., Steward, W. P., Gescher, A. J.,
and Brown, K. (2012). Resveratrol
in human cancer chemoprevention –
choosing the ‘right’ dose. Mol. Nutr.
Food Res. 56, 7–13.
Sharma, M., and Gupta, Y. K. (2002).
Chronic treatment with trans resver-
atrol prevents intracerebroventricu-
lar streptozotocin induced cognitive
impairment and oxidative stress in
rats. Life Sci. 71, 2489–2498.
Sharma, S., Anjaneyulu, M., Kulkarni,
S. K., and Chopra, K. (2006).
Resveratrol, a polyphenolic phy-
toalexin, attenuates diabetic
nephropathy in rats. Pharmacology
76, 69–75.
She, Q. B., Huang, C., Zhang, Y.,
and Dong, Z. (2002). Involvement
of c-jun NH(2)-terminal kinases
in resveratrol-induced activation of
p53 and apoptosis. Mol. Carcinog.
33, 244–250.
Shih, A., Zhang, S., Cao, H. J., Boswell,
S., Wu, Y. H., Tang, H. Y., Lennartz,
M. R., Davis, F. B., Davis, P. J.,
and Lin, H. Y. (2004). Inhibitory
effect of epidermal growth factor
on resveratrol-induced apoptosis in
prostate cancer cells is mediated by
protein kinase C-alpha. Mol. Cancer
Ther. 3, 1355–1364.
Sinha, K., Chaudhary, G., and Gupta, Y.
K. (2002). Protective effect of resver-
atrol against oxidative stress in mid-
dle cerebral artery occlusion model
of stroke in rats. Life Sci. 71,655–665.
Soares, D. G., Andreazza, A. C., and
Salvador, M. (2003). Sequestering
ability of butylated hydroxytoluene,
propyl gallate, resveratrol, and vita-
mins C and E against ABTS, DPPH,
and hydroxyl free radicals in chem-
ical and biological systems. J. Agric.
Food Chem. 51, 1077–1080.
Soleas, G. J., Diamandis, E. P., and Gold-
berg, D. M. (1997). Resveratrol: a
molecule whose time has come? And
gone? Clin. Biochem. 30, 91–113.
Stefani, M., Markus, M. A., Lin, R. C.,
Pinese, M., Dawes, I. W., and Morris,
B. J. (2007). The effect of resveratrol
on a cell model of human aging. Ann.
N. Y. Acad. Sci. 1114, 407–418.
Steinberg, D. (2009). The LDL modifi-
cation hypothesis of atherogenesis:
an update. J. Lipid Res. 50(Suppl.),
S376–S381.
Stewart, B. W., and Kleihues, P. (2003).
World Cancer Report, International
Agency for Research on Cancer,
World Health Organization.
Stewart, J. R., Artime, M. C., and
O’Brian, C. A. (2003). Resveratrol: a
candidate nutritional substance for
prostate cancer prevention. J. Nutr.
133, 2440S–2443S.
Stocker, R., and Keaney, J. F. Jr.
(2004). Role of oxidative modifica-
tions in atherosclerosis. Physiol. Rev.
84, 1381–1478.
Stokes, K. Y., Cooper, D., Tailor, A.,
and Granger, D. N. (2002). Hyperc-
holesterolemia promotes inflamma-
tion and microvascular dysfunction:
role of nitric oxide and superoxide.
Free Radic. Biol. Med. 33, 1026–1036.
Su, H. C., Hung, L. M., and Chen,
J. K. (2006). Resveratrol, a red
wine antioxidant, possesses an
insulin-like effect in streptozotocin-
induced diabetic rats. Am. J.
Physiol. Endocrinol. Metab. 290,
E1339–E1346.
Sun, C. Y., Hu, Y., Guo, T., Wang, H.
F., Zhang, X. P., He, W. J., and
Tan, H. (2006). Resveratrol as a
novel agent for treatment of mul-
tiple myeloma with matrix metal-
loproteinase inhibitory activity. Acta
Pharmacol. Sin. 27, 1447–1452.
Szekeres, T., Fritzer-Szekeres, M., Saiko,
P., and Jager, W. (2010). Resveratrol
and resveratrol analogues –
structure-activity relationship.
Pharm. Res. 27, 1042–1048.
Tang, F. Y., Chiang, E. P., and
Sun, Y. C. (2008). Resveratrol
inhibits heregulin-beta1-mediated
matrix metalloproteinase-9 expres-
sion and cell invasion in human
breast cancer cells. J. Nutr. Biochem.
19, 287–294.
Tang, H. Y., Shih, A., Cao, H. J.,
Davis, F. B., Davis, P. J., and
Lin, H. Y. (2006). Resveratrol-
induced cyclooxygenase-2 facilitates
p53-dependent apoptosis in human
breast cancer cells. Mol. Cancer Ther.
5, 2034–2042.
Tang, Z., Liu, X. Y., and Zou, P. (2007).
Resveratrol inhibits the secretion
of vascular endothelial growth fac-
tor and subsequent proliferation
in human leukemia U937 cells. J.
Huazhong Univ. Sci. Technol. Med.
Sci. 27, 508–512.
Thakkar, K., Geahlen, R. L., and Cush-
man, M. (1993). Synthesis and
protein-tyrosine kinase inhibitory
activity of polyhydroxylated stilbene
analogues of piceatannol. J. Med.
Chem. 36, 2950–2955.
Thun, M. J., Peto, R., Lopez, A. D.,
Monaco, J. H., Henley, S. J., Heath,
C. W. Jr., and Doll, R. (1997).
Alcohol consumption and mortal-
ity among middle-aged and elderly
U.S. adults. N. Engl. J. Med. 337,
1705–1714.
Trantas, E., Panopoulos, N., and
Ververidis, F. (2009). Metabolic engi-
neering of the complete pathway
leading to heterologous biosynthesis
of various flavonoids and stilbenoids
in Saccharomyces cerevisiae. Metab.
Eng. 11, 355–366.
Trapp, V., Parmakhtiar, B., Papaz-
ian, V., Willmott, L., and Frue-
hauf, J. P. (2010). Anti-angiogenic
effects of resveratrol mediated by
decreased VEGF and increased
TSP1 expression in melanoma-
endothelial cell co-culture. Angio-
genesis 13, 305–315.
Tsai, S. H., Lin-Shiau, S. Y., and Lin, J. K.
(1999). Suppression of nitric oxide
synthase and the down-regulation
of the activation of NFkappaB in
macrophages by resveratrol. Br. J.
Pharmacol. 126, 673–680.
Tsujii, M., and DuBois, R. N. (1995).
Alterations in cellular adhesion and
apoptosis in epithelial cells overex-
pressing prostaglandin endoperox-
ide synthase 2. Cell 83, 493–501.
Ungvari, Z., Orosz, Z., Rivera, A., Labin-
skyy, N., Xiangmin, Z., Olson, S.,
Podlutsky, A., and Csiszar, A. (2007).
Resveratrol increases vascular oxida-
tive stress resistance. Am. J. Phys-
iol. Heart Circ. Physiol. 292, H2417–
H2424.
Urpi-Sarda, M., Jauregui, O., Lamuela-
Raventos, R. M., Jaeger, W., Mik-
sits, M., Covas, M. I., and Andres-
Lacueva, C. (2005). Uptake of
diet resveratrol into the human
low-density lipoprotein. Identifica-
tion and quantification of resver-
atrol metabolites by liquid chro-
matography coupled with tandem
mass spectrometry. Anal. Chem. 77,
3149–3155.
Valenzano, D. R., Terzibasi, E., Genade,
T., Cattaneo, A., Domenici, L., and
Cellerino, A. (2006). Resveratrol
prolongs lifespan and retards the
onset of age-related markers in a
short-lived vertebrate. Curr. Biol. 16,
296–300.
van de Wiel, A., and de Lange, D. W.
(2008). Cardiovascular risk is more
related to drinking pattern than to
the type of alcoholic drinks. Neth. J.
Med. 66, 467–473.
Visioli, F., Galli, C., Grande, S., Colon-
nelli, K., Patelli, C., Galli, G., and
Caruso, D. (2003). Hydroxytyrosol
excretion differs between rats and
humans and depends on the vehi-
cle of administration. J. Nutr. 133,
2612–2615.
Vitaglione, P., Sforza, S., Galaverna,
G., Ghidini, C., Caporaso, N.,
Vescovi, P. P., Fogliano, V., and
Marchelli, R. (2005). Bioavailability
of trans-resveratrol from red wine
in humans. Mol. Nutr. Food Res. 49,
495–504.
Vitrac, X., Desmouliere, A., Brouillaud,
B., Krisa, S., Deffieux, G., Barthe, N.,
Rosenbaum, J., and Merillon, J. M.
(2003). Distribution of [14C]-trans-
resveratrol, a cancer chemopreven-
tive polyphenol, in mouse tissues
after oral administration. Life Sci. 72,
2219–2233.
Vogiatzi, G., Tousoulis, D., and Ste-
fanadis, C. (2009). The role of oxida-
tive stress in atherosclerosis. Hellenic
J. Cardiol. 50, 402–409.
Walle, T., Hsieh, F., de Legge, M. H.,
Oatis, J. E. Jr., and Walle, U. K.
(2004). High absorption but very
low bioavailability of oral resveratrol
in humans. Drug Metab. Dispos. 32,
1377–1382.
Wallerath, T., Deckert, G., Ternes, T.,
Anderson, H., Li, H., Witte, K., and
Forstermann, U. (2002). Resveratrol,
a polyphenolic phytoalexin present
in red wine, enhances expression
and activity of endothelial nitric
oxide synthase. Circulation 106,
1652–1658.
Wang, K. H., Lai, Y. H., Chang, J. C.,
Ko, T. F., Shyu, S. L., and Chiou, R. Y.
(2005a). Germination of peanut ker-
nels to enhance resveratrol biosyn-
thesis and prepare sprouts as a func-
tional vegetable. J. Agric. Food Chem.
53, 242–246.
Wang, Z., Zou, J., Cao, K., Hsieh, T. C.,
Huang, Y., and Wu, J. M. (2005b).
Dealcoholized red wine containing
known amounts of resveratrol sup-
presses atherosclerosis in hypercho-
lesterolemic rabbits without affect-
ing plasma lipid levels. Int. J. Mol.
Med. 16, 533–540.
Wang, X. W. (1999). Role of p53 and
apoptosis in carcinogenesis. Anti-
cancer Res. 19, 4759–4771.
Wang, Z., Chen, Y., Labinskyy, N.,
Hsieh, T. C., Ungvari, Z., and
Wu, J. M. (2006). Regulation of
proliferation and gene expression
in cultured human aortic smooth
muscle cells by resveratrol and stan-
dardized grape extracts. Biochem.
Biophys. Res. Commun. 346,
367–376.
Wang, Z., Zou, J., Huang, Y., Cao, K.,
Xu, Y., and Wu, J. M. (2002). Effect
of resveratrol on platelet aggregation
in vivo and in vitro. Chin. Med. J.
115, 378–380.
Waterhouse, A. L. (2002). Wine phe-
nolics. Ann. N. Y. Acad. Sci. 957,
21–36.
Watson, W. H., Cai, J., and Jones, D.
P. (2000). Diet and apoptosis. Annu.
Rev. Nutr. 20, 485–505.
www.frontiersin.org July 2012 | Volume 3 | Article 141 | 17
Catalgol et al. Pathways in the therapeutic effects of resveratrol
Wenzel, E., Soldo, T., Erbersdobler, H.,
and Somoza, V. (2005). Bioactivity
and metabolism of trans-resveratrol
orally administered to Wistar rats.
Mol. Nutr. Food Res. 49, 482–494.
Wieder, T., Prokop, A., Bagci, B., Ess-
mann, F., Bernicke, D., Schulze-
Osthoff, K., Dorken, B., Schmalz,
H. G., Daniel, P. T., and Henze, G.
(2001). Piceatannol, a hydroxylated
analog of the chemopreventive agent
resveratrol, is a potent inducer of
apoptosis in the lymphoma cell line
BJAB and in primary, leukemic lym-
phoblasts. Leukemia 15, 1735–1742.
Wood, J. G., Rogina, B., Lavu, S., Howitz,
K., Helfand, S. L., Tatar, M., and Sin-
clair, D. (2004). Sirtuin activators
mimic caloric restriction and delay
ageing in metazoans. Nature 430,
686–689.
World Health Organization. (2009).
“Atlas of global epidemic of heart
disease and stroke,” in Part Three:
The Burden. Deaths from Coronary
Heart Disease.
Yang, Y. B., and Piao, Y. J. (2003). Effects
of resveratrol on secondary dam-
ages after acute spinal cord injury
in rats. Acta Pharmacol. Sin. 24,
703–710.
Yu, C., Shin, Y. G., Chow, A., Li, Y.,
Kosmeder, J. W., Lee, Y. S., Hirschel-
man, W. H., Pezzuto, J. M., Mehta,
R. G., and van Breemen, R. B.
(2002). Human, rat, and mouse
metabolism of resveratrol. Pharm.
Res. 19, 1907–1914.
Zini, R., Morin, C., Bertelli, A., Bertelli,
A. A., and Tillement, J. P. (1999).
Effects of resveratrol on the rat brain
respiratory chain. Drugs Exp. Clin.
Res. 25, 87–97.
Conflict of Interest Statement: The
authors declare that there search was
conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.
Received: 08 February 2012; accepted: 27
June 2012; published online: 17 July 2012.
Citation: Catalgol B, Batirel S, Taga
Y and Ozer NK (2012) Resveratrol:
French paradox revisited. Front. Pharma-
col. 3:141. doi: 10.3389/fphar.2012.00141
This article was submitted to Frontiers
in Cardiovascular and Smooth Muscle
Pharmacology, a specialty of Frontiers in
Pharmacology.
Copyright © 2012 Catalgol, Batirel,
Taga and Ozer. This is an open-
access article distributed under the terms
of the Creative Commons Attribution
License, which permits use, distribution
and reproduction in other forums, pro-
vided the original authors and source
are credited and subject to any copy-
right notices concerning any third-party
graphics etc.
Frontiers in Pharmacology | Cardiovascular and Smooth Muscle Pharmacology July 2012 | Volume 3 | Article 141 | 18
